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Abstract

Inhibition of Thermal Electron Transfer by Short Saturated Barriers

by
Berta Anderes
Advisor: David K. Lavallee

Numerous studies have determined the general adequacy of the
theories of Marcus and Hush for rationalizing trends in rates of
adiabatic outer-sphere electron transfer reactions. However, it is
likely that the sizes of biological molecules often preclude the adia-
batic mechanism that is typical of smaller molecules. Reactions in
biological systems for which a turmeling mechanism has been discussed
include photosynthesis and the conversion of oxygen to water. The
latter electron transfer reactions involve a series of membrane-bound
proteins, the cytochromes. The objective of this project is to txy
to understand how the separation of the cytochromes would affect the
rate at which the electron is transferred from one site to the next.
In order to study the electron transfer reactions, I synthesized model
molecules which had to satisfy several criteria: 1) inert metal atoms,
and 2) a rigid ligand so that the metal ions would be separated by a
known distance and, 3) the reduction potentials for the reactions
should be of the same order of magnitude as those of biological reac-

tions, about 0.5V or less. One of the ligands I used was 1,4-dicyano-



[2.2.2]-bicyclooctane, This ligand is rigid, providing a well-defined
separation of the metal atoms. The inert metals used were Co(III) and
Ru(III). The bimetallic complexes were synthesized by mixing the ligand
with a chloro complex of Co(III) in the presence of (CF3SOZ) 20 to form
the corresponding Co(III)-nitrile complex, followed by a second reaction
in which the Ri(III) moeity was added using [Ru(NHg)5(CF3504)](CF3503)5.
The realtively inert solvent sulfolane was used throughout, The reactions
are rapid and the products stable for months. The Ru(III)-CN group does |
undergo acid-independent hy&olysis, bﬁt very slowly ( £,>5 h at 25° C).
The Ru(III) site was rapidly reduced using Ru(NH3) 62+' Intramolecular
reduction of Co(III) is very slow (<10% after 10 h at 25°C). The inhi-
bition of the electron transfer rate by the 4 R barrier is estimated to

be at least a factor of 104.

ii



ACKNCONLEDGMENTS

I especially like to thank professor Dr. David Lavallee for his
excellent direction, assistance, advice and patience throughout this project.
Dr. D. Lavallee's encouragement provided incentive and satisfaction through-
out the course of this Wérk.

Appreciation is also expressed to the other members of my Ph.D. committee,
Dr, Harry Gafnhey ahd Dr. Daﬁd Beveridge. I wish to thank two imdergraduates
for their ]:ielp, Cathy Magliozzo and Sally Collins.

Finally, T would like to thank my mother for her continuining love and
encouragement throughout my studies. '



Table

I

IT

IIT

LIST OF TABLES

Rate Constants for Formation of Complexes From 124
(Ru(NHg) 5(CF?’SO?,)] (CFSSOB)Z in Sulfolane.

Kinetic Results for the Acid Hydrolysis of Organonitrile 134
Complexes of Ru(IiI) in O.‘ 005 M Aqueous Trifluoro-
methanesulfonic Acid,

Absorption Maxima and Extinction Coefficients for 135
Amido Complexes c;f Pentaammineruthenium(III).

Kinetic Result;s for Acid Hydrolysis of 138
[jRu(NH3)5NCCHS]3+ at Various Acid Concentrations |

and Ionic Strengthé.

Activation Parameters for the Acid Hydrolysis of 137

Pentaammineruthenium(III) Organonitrile Complexes.

iv



Figure

LIST OF FIGURES

" Page
The differential pulse polarogram of 1,4- dicyano-[2.2.2 1- 17

bicjclooctmepmtaamineruthenim(III) trifluoromethane-

sulfonate,

The differential pulse polarogram of y-1,4-dicyano-[2.2.2]1- 19
bicyclooctane-bis (pentaammineruthenium(III) trifluoro-
methanesulfonate.

The cyclic voltammograms of 1,4~dicyano- [2.2.2] - 21
bicyclooctanepentaammineruthenium(III) trifluorcmethane

sulfonate at various scah rates.

The cyclic voltammograms of p—l,4—dicy@o— [2.2.2] - 23
bicyclooctanebis (pentaammineruthenium(I1I)) trifluorcmethane- o
sulfonate at various scan rates.

Structures of diended steroids. 30
A plot of absorbance daté ‘(as' 1/ c'oncentration_) vs. time.for 43
the reaction of l-cyanocadamantylpentasmmineruthenium(IT) with
diaquotriamminecobalt (III) in aqueous trifluoromethane sulfonic
acid solution.

Cyclic voltammograms of u—l,&—'dicyano— [2.2.2] -pentasmmine- 45
ruthenium(III)aquotetraamminecobalt (III) before and after

the addition of pentaammineruthenium(II).

The visikle absorption spectrum of trifluorcmethanesulfonato- 67

pentaammineruthenium(III) trifluorcmethanesulfonate in sulfolane.



Figure

10

11

12

13

14

15

16

17

Page

.- - (&)

‘The cyclic voltammogram of l-cyanocadamantylpentaammine- 70

ruthenium(III) trifluoromethanesulfonate.

The visible absorption spectrum of l-cyanocadamantyl- 73
pentaammineruthenium(III) trifluoromethanesulfonate.

The visible absorption spectrum of the supernatant liquid | 75
in the synthesis of l-adamantylcarbonitrilopentaammine-
ruthenium(III) trifluoromethanesulfonate. |

The infrared spectrum of l-adamantylcarbonitrilopentaammine- 77
rt;thenim(III) trifluoromethanesul fonate in a KBr pellet, from
4000 to 1800 am™l,

The infrared spectrum of 1-adamantylcarbonitrilopentaammine- 77
ruthenium(TIT) trifluoromethanesulfonate in a KBr pellet,

from 1800 to 400 cm™l.

The cyclic voltammogram of u—l,&—di,cyano'— [2.2.2] - 83
bicyclooctane-pentaammineruthenium(III)diaquotriammine-

cobalt (III) trifluoromethanesul fonate.

The cyclic voltammogram of w-1,4- diéyano-[2.2.2] - 85
bicyclooctanepentaammineruthenium(ITT) aquotetrasmmine-

cobalt (ITI) trifluorcmethanesulfonate.

The visible absorption spectrum of 1,4-dicyano- [2.2.2] - 87
bicyclooctanediaquotriamminecobalt (IIT) trifluorcomethane-
sulfonate.

The infrared spectrum of 1,4-dicyano- [2.2.2] -bicyclo- 91

octanediaquotriamminecobalt (11T) trifluoromethanesul fonate

from 4000 to 1800 cm™l.

vi



19

20

21

22

23

24a

24b

25

Page

The infrared spectrum of 1,4-dicyano- [ 2.2.2] -bicyelo- 93
octanediaquotr iarrm:i.necobal_t (III) trifluoromethanesul fonate

from 1800 to 400 am™l,

The visible absorption spectium of 1,4-dicyano-[2.2.2] - 97
bicyclooctaneaquotetraamminecobalt (ITI) trifluoromethane-
sulfonate.

The visible absorption spectrum of u-1,4-dicyano- [2.2.2]- 102
bicyclooctane-bis (pentaammineruthenium(III) ) trifluoromethane-
sulfonate.

The infrared spectrum of w-1,4-dicyano- [2.2.2] -bicyclo- 104
octane-bis(pentaammineruthenium(III)) trifluorome’;:hme

sulfonate from 4000 to 1900 cm™l.

The infrared spectrum of 1,4-dicyano-[2.2.2] -bicyelo- 106
oc ane-bis(pentaammineruthenium(III)) trifluorcmethane

sulfonate from 1300 to 400 em™l,

The cyclic voltammogram of 1,4-dicyano-(2.2.2] -bicyclo- 108
octane-bis(pentaammineruthenium(III)) trifluorcmethanesulfonate.
The fit for a typical kinetics run for the formation of 119
acetonitrilopmtaauﬁneruthenimn(III) from trifluoro-
methmes:;lfonafopentaaxmﬁneruthenimn(III) and acetonitrile.

A table of péraineters generated by the PROPHET computing 121
system for the fit of kinetics data.

A plot of the observed first-order rate constants for the 123
formation of l-adamantylcarbonitrilopentaammineruthenium(III)

trifluoromethanesulfonate as a function of temperature.

vii



Figure Page

26 A typical plot of absorbance vs. time for the acid 133
hydrolysis reaction of acetonitrilopentammineruthenium(III)

trifluoromethanesulfonate. _



PREFACE

The main objective of this project has been to learn how the rate of
electron transfer between donor and acceptor sites is affected by their
separation distance. Numerous studies have tested current theories of
electron transfer reactions which occur between metal complexes that are
free to approach each other in solution. These theories have been shown
to give consistent predictions of trends in the rates of such adiabatic
outer-sphere reactions which occur when the nature of the metal atom,
ligands and the solvent enviromment are varied.

Relatively few results are available, however, which bear on the
qﬁéstion of the change in rate as the metal atoms are separated. Current
theories of such reactions center on the role of electron turmeling as a
possible mechanism. WEile theofeticians are generally agreed that the
functional form of the relationship between distance and rate will be an |
inverse exponential one, there were ﬂo rate data available for thermal
electron transfer reactions between isolated metal ions before this project
was undertaken.

The effect of separation of metal ions on electron transfer reactions
is of importance with respect to biological processes involving metallo-
proteins, It is likely that steric restrictions of biological molecules.
may preclude the adiabatic mechanism that is typical of smaller molecules.
In order to understand which properties of molecules such as the cytochromes
determine their electron transfer rates, the variables such as the nature -
of the ligands around the metal, the medium between the donor and acceptor

sites, and the distance between the sites must be separately investigated.



To determine the effect of distance, in this project complexes were synthesized
which would fulfill several criteria: The metal atoms are inert so that the |
ligands around the metal atom are known with certainty and the ligand which
binds the two metal atoms must be rigid to give a well-defined separation
distance and saturated to isolate the donor and acceptor orbitals, These
criteria had not been met by any previously-reported studies. |

In this thesis, the first chapter begins with a discussion of the sig-
nificance of this project, other studies which have been done and theories
of electron transfer. My experiments and results are then described and
compared with theoretical predictions. In order to obtain these results,
new synthetic techniques had to be developed and the formation .and
decomposition rates for the complexes had to be determined. These studies
were crucial in order to establish the effect of the saturated barrier, but
they were also of interest in their own rj.ght. As a result, these aspects
are discussed in the second chapter, separately from the electron transfer

reactions.
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CHAPTER 1
A. Intro_duction

Discussion of Biological Electron Transfer Reactions

A question of current interest is: How far apart can the donor and the
acceptor in an electron transfer reaction be and what other special require-
ments are there for electron transfer to occur? There is a lot of interest
in the role that tumeling may play in electron transfer reactions in
biclogical systems. (1,2.3). There are a number of cases in which the
distances between oxidant and reductant sites in biological systems are likely
to be large (close to or greater than 10 R). The actual distances between
the prosthetic groups of interacting electron transfef proteins in biological
systems proposed to date vary from 8 to 50 X. By using fiist—appfoximation
estimates of turmeling probabilities, turmeling distances have been estimated
to be tens of R. Hopfield (3), however, taking into account interactions due
to nuclear motion, and estimating probabilities from bond-resonance integrals,
declares the distance must be less'than 10 X James Chien has shown good
correlation to the Hopfield theory prediction of electron turmeling with a
series of cytochrome c metal derivatives, where he estimates the distance
of interaction fo be 4 X (4). Miller (5) has studied the tumeling of trapped
electrons to scavenger ions in cold, organic glasses. He estimates distances
in the range of 30 to 50 g. Mary Vanderkooa (6) performed a fluorescence
experiment derivatives of cytochromes ¢ to study the distances predicted in
the cytochrome c-cyto&ﬁ&ne oxiciase redox pair using tin and applying Forster
theor};. She estimated the distance of interaction to be between 20 - 40 ?&
The tumeling of electron through planar sandwiches of metal-~insulator-metal

has been measured out to 100 X (7,8). On the other hand, the measurements



of Weissman (9) and of Véevodski and others (10) indicate that the electron
exchange rate between anionic benzene rings falls-below 10-sec”l if the
distance is more than 3 to 5 A.

In many of the biological systems the reductant is either so large or
so well fixed in position that direct collision of coordination sphereé of
the metél atoms or charmeling through a cleft to reach the oxidant and reductant
sites in electron transfer proteins is often sufficiently large to preclude
the immer-sphere model of electron transfer, in which one ligand is s:i.tmﬂtaneousiy
bound to both the oxidant and reductant sites at -the instant of electron
transfer. Instead the electron must pass from one molecule to another
without the aid of a direct ''bridge'' by what is called an outer-sphere mecha-
nism (11,’ 12). In this project we are trying to understand what properties
of the cytochromes. affect the rate at which the electron is transferred from
one site to the next. We are try:mg to learn about how this rate is related
to the geometric arrangements of metal ions. . The object is to determine how
the cytochromes are bound to the membrane with respect to one another and
whether or not any conformational changes of the protein might be required.
Electron transfer reactions involving metalloproteins are essemtial to
biological energy transfer processéé such aé oxidative phosphorylation and
photosynthesis. Well designed model systems for thé testing of alternative
theories are an important component in developing reasonable mechanism for
these reactions. We have used a model system to deduce fundamental information
about electron transfer reactions. Our system involving intramolecular
electron transfer reactions that occur between portions of the same molecules
(such as the 2(4Fe-4S)ferredoxins and cytochrome ¢ oxidase), thpse which

form lmlg—iived comblexes that undergo electron transfer internally (some



hydrogenases and nitrogenase), and membrane-bound proteins such as those
involved in mitochondrial oxidative phosphorylation.
In the next section theories of electron transfer reactions which are

relevant to my studies of electron transfer reactions‘will be discussed.

2. Theories of Electron Transfer

Sutin and coworkers have applied Mdrcus theory for predicting the rates
for outer-sphere electron transfer reactions in which the coordination sphere
about the oxidant and reductant metal atoms remain intact during electron
transfer, with no single ligand acting as a bridge. Outer-sphere electron
transfer reactions for simple inorganic systems are now well understood in
terms of theory of Marcus and Hush (13,14,15,16). In such reactions, the
electron is transferred adiabatically by means of a molecular orbital of -
the donor-acceptor complex. The matrix element of electron exchange which
mixes the donor and acceptor wave functions can be estimated theorétically
and can sometimes be determined from the energy of optical electron transfer
(17,16). Such outer-sphere electron transfer reactions of moderate driving
force have rates determined by: 1) the immer-sphere reorganization energy, |
such as the Franck-Condon barrier, which tends to be larger the greafef the
structural change for each reactant as it is converted to product, . 2) the
outer-sphere reorganization energy, which for charged complexes consists
chiefly.of the changes in electrostatic interactions of solutes and solvents
in the formatién of the activated complex, 3) the work term for bringing
the reactants together and separating the products of the activated complex,
4) the effect of the driving force itself, which is predicted to be a linear

free energy relationship giving a slope of 0.5 for a plot of AG+ Vs, AGo'



Theory then predicts the following dependence for the rate constant:

== e “a/RT

L
k. T QF '

where « is a thermally averaged transmission factor being equal to one

for purely adiabatic behavior., Q; are the partition functions, and E, is
the activation energy. By converting equation (1) in terms of free energy
this expression becomes:

1-
s

8  -AG /RT
—_— e

"k = (2)
h
=
Marcus type behavior now appears in terms of AG'.
* - gt + T
AGT = AGL. .t 8G + MG, * ow. + GO/2 3)
where AG,fr ang LS the free energy of formation of the transition state:

16" = -RT In(h2/k,T) @

where Z is the collision frequency. For a series with very similar irmer-
sphere reorganization energies the ratio of rates due to different outer-
sphere reorganization energies as a function of distance can be determined

from G values given by:

AG, = wr = % | z.lze2 [%1 + “2%2‘ +-i#][%op+%_] (5)
where m measures the extent to which the electron is transferred from the
reductgnt in the activated complex., A is the ocuter-sphere reorganization
term, AZ is the mumber of electrons transferred in the overall reaction, e

is the electronic charge, Ty and r, are the radii of each reactant and
&

ro=r tr, = the radius of the activated complex. ®op is the optical

dielectric and £is the static dielectric. TIn addition, there will be some



variation in the coulombic work term that will depend on ionic strength

(Reynolds, 1966):

66, = 4,222 Z, (10 -L.43 £ ) /= 6

This term also leads to a rate increase with increasing size (assuming
strémg coupling) if the reactants are each positively charged.
N .
The term AG' in equation (3) is the reorganization energy of the immer

coordination shell as shown in equation (7).
06T = 37 £, (ay -a )2/ (£ +£) @)
in 17271 2 1 2

where ap, and a, are radii of the two reactants with fl and fz the reactants
force constants.
The w,. in equation (3) is the work required to bring the reactants

together, being calculated by Debye-Huckel treatment:

W, = 4,9 /D ,d(1l- gd/u) )
where: g = (81 2 ez/lOOODSRT)l/Z Q)

There are extensive compilation of kinetic studies of electron transfer
reactions which have been discussed in texms of the Marcus theory for
adiabatic electron transfer (18,19,20,11,21). But few experiments bear
directly on the question of the effect of insulating (saturated) barriers.
Comparison of electron transfer rates of electron transfer for a pair of
small complexes such as Fe(HZO) 62+ and Fe(HéO) 635‘ with a pair of complexes
which J".s largér due to unsaturated ligands such as Fe(phen) 32+ and Fe(phen) 33+



[0%]

(where phen=1,10-phenanthroline) have been made. With unsaturated ligands
such as phenanthroline, the orbitals involved in electron transfer are
significantly delocalized from the metal center onto the ligand; significant
overlap is attained and tumeling is urmecessary. In these caées, the
experimental results are those ~e$<pected based only on the electrostatic

terms of Marcus' theory. If, however, a saturated ligand sphere is in-
volved, the orbitals involved in electron transfer will remain localized on
the metal. Then as the size of the sphere increases, so will the distance
between donor and acceptor orbitals and at some point adiabatic electron
transfer will become unfavorable relative to a tunmeling process.

The theoretical model of Hopfield's rate equation is based on.electron
transfer betwéen two sites in a fixed geometry. The eléctron té be transferred
is initially in a wave fimection a, eventually to be transferred to site b in
b. The matrix element, Ta , representé the Hamiltonian of these two,
one-partical states resulting from the overlap between thése wave functions.
The closer together sites a and b are, the greater the orbital overlap and
the larger Tab will be.

According to Hopfield's theory, electron transfer occurs by a process
analogous to the Forster mechanism of resonamnce energy transfer (3). For

transfer of an electron, from site a to b the rate is given by (10):

w27 -
kp = F | Tp® I__!Da(E) D (E) dE (10)
with Tab a function of the distance, r, of separation between sites a and b.
The term Da(E) and Db(E) are the electron removal and electron insertion

spectral distribution functions, respectively, which are Gaussian line sﬁape

functions that derive their form from vibronic components of the wave fumctions.



Hopfield derived an explicit form for Da(E) and Db(E) assuming that the
curvature of the wave functions (l;a and kb) were the same either with or

without the electron:

kp = (21/h) | T,@|2 (27m)%e E__Eb-_/»z an

where: 02 = (kaqaZ/Z)kBTcoth(Ta/ZT)+
(k q2/2)kyTeothCT, /2T) 12)
and A = Q2/2 + & q?/2 (13)

with q, and 9 being the nuclear coordinates and kB is the Boltzmarm constant.
The vibronic coupling parameter is defined by 4, and T is the temperature

in degrees Kelvin, with kpT a(kBTb) being the energy separation between nuclear
harmonic oscillator states for site a(b). From this theory, the activation
energy should have the common Arrhenius dependence on temperature at high
temperatures and should become temperature independent at low temperatures.

At high temp'erature ‘this rate becomes:

ky = (271/8) | T @ [2(4nkTa)Ze” (E, - E -0)2
gl . (14)

In such a treatment, the electron transfer occurs from one vibronic state
of a to another state of b, the vibrational form being that of a harmonic
oscillator. The vibrational potential energy, %qu, relates k and q as
the force constant and displacement from equilibriim nuclear positioﬁ,

respectively. The turmeling matrix element is further approximated by:

1, - 27e7072% 15y

which is the resonance integral for carbon atoms, each in an arcmatic
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moiecule, with (NaNb) ~% being a normalization factor of N, and Ny atoms
in contact through one "edge". The sepa:ration l;etween edge atoms is then r.

According to Hopfield's theory, in the high temperature region T,
should decrease exponentially as the oxidant-reductant separation increases.
For similar systems, the exponential distance dependence suggested by
Jortner, et al. (23). |

dinT, /d = 13877 e
For metal atoms comnected by a saturated ligand system, the barrier is
éxpected to be about one half the o 3 band gap for an organic insulator,
about 3eV, giving a sharper decline in T, with R. At this time direct
calculations for T, are difficult because they are determined by the - ‘
behavior of the "tails' of the molecular wavefunction (24). Experimentally
determined values, therefore, are essential in establishing typical
exponential factors for saturated barriers.

Previously, most correlations have been based solely on theoretical
calculations. James Chien just recently car:pletéd an electron transfer
study involving biological molecules in solution (4). In this treatment,
experimentally obtained kinetic data were >found to be in gdod agreement
with the theoretical rate constants predicted by Hopfield theory. By
using metal substituted hemoproteins, the oxidoreductions of an iron heme
and a metal substituted heme were followed. Treatment of such a system
was extended to describel bimolecular electron transfer in solution. The
rate of transfer is calculated by averaging the rate as a function of
distance over probability distribution of geometries, where the relative

location.of donor and acceptor varies with time. Neglecting a particular



geometry for electron transfer, the bimolecular rate becomes (17):

D, = 6.023x10%Kly (272 r/Rp) (17)
and  Mf = (E  +E -4)°/4 - 3R/2 (18)

oSt = R In((0.0238/kT) ( 2m3r [ Bp) + (L+MgDE Ty 1 - 3R/2 (19
The tumeling theory of Jortmer takes into account low-frequency

phonon modes as well as high-frequency molecular vibrational modes. In

the high temperature region, his results match those of Hopfield's

theory while at low temperatures, Jortners' development yields results

closer to those observed experimentally for light-induced oxidation of

cytochrome in Chromatium (23). From the temperature at which low-

temperature behavior is observed in the Chromatium experiments, we do

not expect to reach the low-temperature region in our reactions in

comon liquid solvents. The lower limit to the intramolecular electron

transfer rate which can be measured in homogeneous solution is the rate

at which intermol.eculér electron transfer becomes predominant. From a

consideration of the statistics of molecular packing in liquids (25) and

the dependence .of the work term for bringing charged reactants together in

solution (which is avoided preassembly of the reactants for an intra- |

molecular reaction), one can calculate the concentration factor that

would be equivalent for comparison of intermolecular and intramolecular

rates. For complexes the size of Ru(III), Ru(II) and Co(III) amines,

this factor is about 3M. Thus, if two species of charge 2+ and 3+ at a

concentration of 1.0x1072M react with a half-life of, for example, 3000

seconds, the same two reactants placed adjacent to one another in a

preassembled bimetallic compléx should react with a half-life of about
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1 second (all calculations for complexes in Hy0 at 250 with I=0.10M).
Thus, an intramolecular reaction will have a measureably competitive
rate even if there is a substantial ba:frier to electron transfer in
the preassembled bimetallic complex. The ability to set a limit on
the barrier depends on slowing the intramolecular process by dilution
(the intramolecular rate being concentration independent).

In order to be able to use these theories of electron transfer
.for comparison, my model system must satisfy several criteria which I

will discuss in the next section.



13

3. Characteristics of the Model Systém ’

The system chosen for this investigation had to meet the following
criter.ia in order to obtain interpretable information that is relevant to
the biological reactions:

a. The ligand system must be saturated, rigid, and bind two metal
atoms at a well defined distance. This distance must be synthetically
variable. Saturation guarantees localization of donor-acceptor orbitals
on the metal atoms. The rigidity requiremeni; prevents the two metal-
containing portions of the molecule from approaching each other.

b. The metal atoms must be substitution inert so that only an
outer-sphere electron transfer is possible.

c. To allow sufficient time for synthesis and characterization
of the reactant complex, it is necessary that the complex not undergo
electron transfer until the reaction can be initiated and properly
monitored. In order to meet this requirement; there must be a method
of initially reducing the site which is thermodynamically less stable
in the reduced state.

The system so chosen to meet these requirements are composed of a
‘reducing center, a difunctional saturated ring system and oxidizing

center, For this specific project, we have used (NH3) 5R112+

as the re-
ducing center. The bifinctional ligands used were 1,4-dicyano-{2.2.2]-
bicyclooctane and trans-1,4 dicyanocyclohexane and (NH3)n(H20) 5_nCo3+
as the oxidizing center.

In order to demonstrate that the ligands which we chose do prevel;.t

substantial mixing of the donor and .acceptor orbitals, I synthesized
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complexes of 1,4-dicyano-[2.2.2]-bicyclooctane with only one pentaammine-
ruthenium(III) moiety attached and w;'.th two pentaammineruthenium(ITI)
moieties bound. Richards‘on and Taube have shown that the extent of
mixing of the ruthenium orbitals at either end of a complex can be
determined using. differential pulse polarography and cyclic voltammetry.
These methods provide an accurate means of assessing the value of the
comproportionation constant K., which is the equilibrium constant for

the reaction:

Ru(II)~-R-Ru(II) + Ru(III)-R-Ru(III) & 2Ru(II)-R-Ru(III)

_ If there is no mixing, which would statilize the'mixed v_alence state
species, the comproporticnation constant has a value of 4. If there is
mixing of the donor-acceptor orbitals, the full width at half-height of
Fhe peak in the differential pulsé polarogram will be greater for the
bimetallic complex than for the corresponding monometallic complex (the
increase in width is 36mV for K, = 4 and a greater value for KC 4) . In
the case of the two complexes of 1,4-dicyano- 2.2.2 -bicyclooctane, the
width increase (Figures 1 and 2) isl 15 + 20mV, consistent with a Ko of &4
and no mixing. In the cyclic voltammetry of mixed valence species, the
slope is less for a bimetallic species with mixing than for the correspond-
ing monometallic species. If the mixing is great (K,>120mV) two peaks
are actually observed. In the case of the mono(pentaammineruthenium(III))
and bis(pentaammineruthenium(III)) complexes of 1,4-dicyano-[2.2.2] -
bicyclooctane, as shown in figures 3 and 4, and there is no discernable

differences in slope. In both of these complexes, the cyclic voltammograms
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show that the redox processes are reversible and they show the correct:

dependence on scan rate. Thus, our model satisfies criterion(a).



Figure 1,

The differential pulse polarogram of 1,4-dicyano-[2:.2.2]1-
bicyclooctanepentaamineruthenium(TIT) trifluoromethéne—
sulfonate taken in dimethyformamide with 0.10M tetraethyl-
ammonium perchlorate using a platinmum coil working electrode,
Ag/AgCl reference electrode and a platinum wire auxiliary
electrode. The pulse width and scan rate were 25mV and
2nV/sec, respectively. The full width at half height is
107mv. |



17

Ara e [z
LTI Mg hin

-l N

e TS SR HE S

HESTS

]

(PO lpbunkd Aevasps ey o

[ — L«T.:; .lm U
|
{

B .

0.<

AN
'\J':



Figure 2. The differential pulse polarogram of i-1,4-dicyano-(2.2.2]-
bicyclooctane-bis (pentaarmineruthenium(IIT)trifluoro-
methanesulfonate taken in dimethylformamide with 0.10M
tetraethylammonium perchlorate using a platinum coil
working electrode, Ag/AgCl reference electrode and
platinum wire auwxiliary electrode. The pulse width
and scén rate were 25mV and 2mV/sec, respectively.

The full width of half height is 112mV. The full
width at half weight for l-cyanoadamantylpentaamine-
ruthenium(III) 'is 105mV and the full width at half
height for the polarogram of cyancbenzylpentaammine-
mthenimn(lll) is 97mv.
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Figure 3.

The cyclic voltammograms of 1,4-dicyano- [2:2.2] -
bicyclooctanepentaammineruthenium(III) trifluoromethane-
sulfonate at various scan rates (1, 250mV/sec; 2,
200mV/sec; 3, 150mV/sec; 4, 100mV/sec and 5, 50mV/sec);
taken in dimethylformamide with 0.10M tetraethylammonium
perchlorate. The working and reference electrode were

platinum wires and the reference electrode was Ag/AgCl.
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Figure 4. The cyclic voltammograms of u—l,é—diéyano- [5.2.2] -
| ~ bicyclooctanebis (pentaammineruthenium(III))trifluoro-
methanesulfonate at various scan rates (1, 350mV/sec;
2, ZQQnV/sec; 3, 170nV/sec; 4, 100mV/sec and 5, 50mV/sec),
taken in dimethylformamide with 0.10M tatraethylammonium
perchlorate. The working and reference electrodes were

platinum wires and the reference electrode was Ag/AgCl.
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Because both of the oxidation states of ruthenium that
we have employed,Ru(II) and Ru(III), are substitution inert,
as is Cd(III), so that the inner sphere electron transfer
is precluded as a possible mechanism. The bimetallic complex
was synthesized with Ru(III) and Co(III), both the oxidized
states of the metal atoms, thus satisfying criterion (b).
Concerning criterion (c), when we desired to initiate electron
transfer withiﬁ.the complex, the Ru(III) site was reduced by
Ru(NH3)62+, which reduces Ru(III) much faster than Co(III)
even when the more thermodynamically favorable reaction is
that with the Co(III) (26). The high Franck-Condon barrier
"0f Co(III) for inner sphere rearrangement provides the kinetic
advantage to the Ru(III) site (27,28). This initial reduction
is driven by the more favorable reduction potential of Ru(III)
bound to a nitrile than to amines (29,30). The Ru(II) site,
which contains a nitrile in the coordination sphere, can then
reduce the Co(III) site intramolecularly. The potential for
"the Co(III) reduction is close to that of the ruthenium site
and the next reaction is aided by the irreversible release
of labile Co(II) upon electron transfer.' The Co(H20)62+
which is produced is very resistant to oxidation and will
not reduce the Ru(III) site. This scheme for taking advantage
of the kinetic and thermodynamic'properties of Ru(III) and
Co(III) has been utilized by Isied and Taube who studied
intramolecular electron transfer across ligands such as

isonicotinate and 4-pyridylacetate (26). The potential
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difference for the electron transfer reaction (which contributes
to AG as nFe according to Marcus' theory) can be modified
by using different Co(III) moieties. We have monitored

. . 3+ 3+
reactions of Ru(NH3)62+ with Co(NH3)6 and Co(NH3)5(H20)
(as had Endicott and Taube (1964) and also Co(NH,), (H,0), .

2+

We have also monitored reactions of Ru(NH3)5NCR with

Co(NH3)4(H20)NCR3% and Co(NH3)3(H20)2NCR3+ (where R= adamantane).
We find that each successive replacement of NH,4 by Hoy O leads
to a increase of 200 - 300 mV in the second order rate
constant, equivalent to change in AE of =250mV. It should be
noted that'direct polargraphic determinétion of Co3+/2+
potentials is not currently feasible due to slow electrode
reactions.

The details of the kinetic experiments are presented

in the following section.
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B. Description of the Kinetic Experiments

The synthesis of the bimetallic complexes used for the
electron transfer kinetics, is described in chapter II. The
bimetallic complexes used for the kinetic studies of electron
transfer reactions, were the following: #1-1,4-dicyano-[2.2.2]~
bicyclooctanepentaammineruthenium(III)aquotetraamminecobalt (III);

u -l,4—dicyano-{2.2.2]-biéyclooctanepentaamineruthenium(III)
diaquotriamminecobalt(III);Ezﬂgzl,4-dicyanoéyclohexanepenta-
ammineruthenium(III)aquotetraamminecobalt (III) ;trans-1,4-dicyano-
cyclohexanepentaammineruthenium(IIT)diaquotriamminecobalt (IIT).

Concentrations of the bimetallic complexes were typically

4M. The complexes were

for kinetics experiments about 10
dissolved in 0.010M aquenoué trifluoromethanesulfonic acid
solution. The bimetallic complexes were weighed and dissolved
directly into the cell to be used for kinetics. The cells
were clbsed with rubber septums and fastened tightly with
copper wire. The cell was transferred to‘the cu%ette holder
where argon was bubbled through one septum needle and vented
by another. This purging was cqntinued for 20 to 30 minutes,
at which time the bleeder needle is first withdrawn; fbllowed
immediately by the imput needle. Immediately after the
withdrawal of both needles, the septum is coated with Apiezén
.grease type H. This purging was done in the Peltier thermo-
regulated cuvette holder inside a Beckman DU-8 spectrophoto-
meter. The reductive solution of Ru(NH3)62+ was purged at the

same time in the argon line, which is described in details in
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chapter IT. vAfter the cell has equilibrated, a kinetic run
is initiated with the reductive solution. K A gas tight
syringe is first purged of air by withdrawing the atmosphére
within the erylenmeyer bubbler and ejecting outside the
flask. This procedure is repeated 5 or 6 times.- The syringe
is dipped into the solution and filled with a quarter volume
of ‘1liquid. Bubbles are purged from the syringe and the
solution is discarded. This procedure is once more repeated.
The third sample is adjusted to the desired volume. The reaction
is initiated with this addition. Once the.injection has been
made, the timer is started using the other hand. The cell is
immediately removed from the thermostated compartment by
holding the rubber septum portion of the cell system. This
is transferred to a vortex mixer briefly and replaced back
into the compartment and within 10 seconds the Beckman DU—8
is turned on to monitor the reaction.

The electron transfer reactions can be monitored
- conveniently with conventional or stopped flow spectrophoto-
meters. Changes occur due to the oxidation of the Ru(II)-

1

nitrile site (for peaks in the region of 350 - 380 nm ~ and

near 230 nm-l) and due to the reduction of the Co(III)-nitrile
site (for peaks in the region of 320 - 340nm™1 and 470 - 510nm-l).
Data were treated with statistics programs available on the

PROPHET computing system (9).



C. Results and Discussion

In order to understand photosynthesis or to design
efficient molecular systems for photochemical energy storage
and to understand mechanisms involved in the electron transfer
reactions of the oxidative phosphorylation process, it is
important to ﬁnderstand how distance, enefgy differenées and
molecular structure control rates of long-distance electron
~ transfer.

Several recent reports have shown that electron transfer
can occur when oxidizing and reducing centers are separated by
long distances. While each of those cases are of interest,
none of them satisfy all of the criteria I have discussed in’
the introduction, i.e. a system with a rigid saturated barrier
of well-defined length containing two substitution inert metal
ions capable of undergoing thérmal electron transfer.

Using a system with donor and.acceptor groups linked by
a relatively rigid spacer consisting of steroid derivatives
(Figure 5), Calcaterra'and c&workers (31) have found that
relatively rapid electron transfer occurs over long distanceé
(about 158). Their model system is.made up of a donor that
is the negative ion. of the biphenyl moiety which can donate
an electron to any of the fhree different acceptors that have
used (cinnamoyl, 2-vinylnapthyl and 2Fnapthyl groups). The
system is reduced by use of an electron pﬁlse from a linear
accelerator. The electron capture can occur at either end

of the molecules with almost equal probability due to the



Figure 5.

Structures of diended steroids studied by

Calcaterra, Closs and Miller (Journal of the

American Chemical Society, 1983, 105, 6704671).

The half-lives for electron transfer and free
energy changes are 0.5ns, -1.1leV (top molecule),
25ns, -0.32eV (center of molecule) and 1 s,

-0.05eV (bottom molecule).
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and his coworkers have used the crystal structure of the
oxidized and reduced forms of tuna cytochrome c to estimate
the distance between the donor and acceptor groups. The
distance has been estimated to be 10-162. AThey have shown
that electron transfer within proteins can take place rapidly
ét-long distance given a driving force of 0.1leV. At present
Isied and coworkers are trying to monitor intramolecular
electron transfer from the ruthenium atom to the ion (heme)
" in the modified cytochrome as well as the measurement of the
electron transfer from the ion (heme) to the ruthenium atom.
--Theseiexperiments will tell them the effect of driving force
on the rate of electron transfer between a donor and acceptor
held at long distances. Thelr assumption on this work is
that the two metal atom sites on the protein are held apart
and that the protein is relatively inflexible.

Zawacky and Taube (33) have reported rates of intramolecular
electron transfer in binuclear complexes containing ruthenium (II)
and cobalt(III) with pyrazine, 4,4'-bipyridine and selected
pyridinecarboxylate anions as bridging ligands. Their results
indicate that electron transfer in the pyridinecarboxylate
complexes approaches the adiabatic regime, i.e. there is no
need to involve tunneling to account for the electron transfer
rates. In all cases they report, the ligands which have been
used are either unsaturated or sufficiently flexible for the
two metal sites to approach each other closely so that the

electron could avoid crossing a saturated barrier.
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The system which Taube and Isied have used exploit two
general patterns of metal ion reactivity: 1) . The inertness
to‘ligand‘exchange of metal atoms that have highly populated
bonding and nonbonding orbitals and empty antibonding orbitals
- (low spin d5 and d6 ions, Ru(III) and Co(III) and 2) the
sluggishness of reactions which involve a high Franck-Condon
barrier (i.e. those of Co(IiI) Co(II) relative to Ru(III)
Ru(II), since electron transfer in the case of cobalt results
in population of an antibonding ﬁrbitai and a large change in
cobalt-ligand bond lengths while addition to ruthenium results
in population of a relatively nonbonding orbital and very.
little change in ruthenium-ligand bond lengths). Thus, a
bimetallic complex with Co(III) and Ru(III) can remain intact
-in solution and ﬁhe’addition of a suitable reducing agent will
cause the Ru(III) atom to be reduced before the Co(III) atom
even if the overall potential favors the Co(III) reduction.

An additional advantage of this scheme is that the subsequent
reduction of the Co(III) site by the newly generated Ru(II)
site produces Co(H20)62+, which is very difficult to oxidize,
so the reaction is made irreversible. Thus, even a reaction
With.an unfavorable free energy difference can be accomplished.
In the applications of this scheme sucﬁ as those discugsed
above, a major difficulty has been encountered-saturated
ligands are generally flexible and the first order reactions
which have been observed quite possibly-result from the

reaction of the metal atom at one end of the bimetallic complex
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with the metal atom at the other end when the ligand bends
enough for them to come into close proximity. My study has
iﬁvolved the use of this scheme developed by Taube and
coworkers but applied to the rigid ligand, 1,4-dicyano-[2.2.2}
bicyclooctane and to a more flexible ligand which still
prevents contact of .the first coordination spheres of the
metal atoms, trans-1l,4-dicyanocyclohexane. Results have been
obtained with the aquotetraamminecobalt (III) moiety bound to
each of these species and, in more preliminary form with the
diaquotriamminecobalt (III) moiety bound to each. The latter
species provides a more favorable potential for the reaction
and much faster rates.

The bimetallic complexes are synthesized as discussed
in chapter 2. Scheme 1 illustrates this sequence for the
aquotetraamminecocalt(III)—pentaamminerutheniﬁm(III) complex
of 1,4-dicyano-[2.2.2 ]-bicyclooctane. The visible-uv spectrum
(498nm, ¢=62; 383nm, shoulder; 283nm,e=613) is characteristic
of Co(III)N50 and Ru(III) (NH,)gNCR coordination spheres
(where R is a bridgehead nitrile (34); the cyclic voltammogram
(E%vs. n.h.e.=0.467V) is characteristic of Ru(NHB)SNCR3+/2+
(35), and the infrared spectrum shows Ru(III) and Co(III)
coordination of NCR groups (34c¢) CN shifts from 2240 em™t
for the ligand to 2310 em ! and 2240 cm™! when only Co(III)
is bound to a single peak at 2300 cm'1 when bcth Co(III) and
Ru(III) are bound). Any free ligand prcsent after the first

step in the synthesis is removed by extraction so no bis(ruthenium



Scheme 1. The sequence of reactions used for the synthesis
of bimetallic complexes of Co(III) and Ru(III)

with dicyano ligands.
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(NH3) , (H,0)Coc1*F  + NC—<€3€>}—CN

(CF450,) ,0 'sulfolane,
60°C, 15 min

3+
NC-{fff}}-CNCo(NH3)4<H20)

‘Ru(NH,) . (CF,SO )2+ sulfolatie,
375773773 600C, 2 hr

(NH3)5RuNC—<Ef§>—CNCo(NH3)4(H20)6+
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species should be formed. The elemental analysis is in
excellent agreement with the proposed structures.

When excess Ru(NH3)62+ is added to the bimetallic
complex, as shown in Scheme 2, the Ru(III) atom is reduced

and the remainder of the Ru(NH3)62+ then proceeds to reduce

“14-1

the Co(III) site with a rate constant of 0.54M , consistent

with rates obtained by Endicott and Taube for the reduction
of Co(III) ammine complexes (i.e. the rate constant they ob-

tained for the reaction of R.u(NH3)62+ with a Co(III) NZO

species, Co(NH3)5(H20)3+, is 3M_1s_l, at an ionic strength

.0f 0.22 rather than 0.10 which should measure the rate by a -
0.22~1
factor of about (2+)(3+)(07TU)20r 9). When less than a

+

stoichiometric amount of Ru(NH3)62 is added, the only Ru(II)

in solution after mixing is the bimetallic complex (reduction

3+

of Ru(NH,) NCR’T is rapid and quantitative). 1In this case

375
(at 250C, 0.10M ionic strength with trifluoromethanesulfonic
acid and the concentration of the bimetallic complex at about
10'4M) reduction of the Co(III) is very slow: less than 10%
after 10 hours.

Since no reaction was observed, an upper limit for the
reaction rate constant can be estimated using tﬁe integrated
rate law for a first order reaction to be 3x10_6s'1. To find
out what tﬁe barrier of the saturated bridge ligand does to
the rate of electron transfer, we estimated the rate expected
for the same reaction Without'the bridge. In order to estimate

the rate without the bridge, the rate constant for the appro-



37

priate intermolecular reaction must be obtained and then
modified to account for the fact the two metal atom sites
would be held fixed in a bimetallic complex. Unfortunaly,
the direct reaction of a pentaémmineruthenium(III) organo-
nitrile complex with an aquotetraamminecobalt(III) complex

at the concentrations at which these species are soluble in
acidic solution (£ 0.01M) is too slow for good data to be ob-
tained. As a result, I observed the reaction of hexaamﬁine—
ruthenium(II) with l-adamantylcarbonitriloaquotetraammine-
cobalt (III) and have used the Marcus cross relation to obtain
the expected rate for the reaction involving a pentaammine-
ruthenium(II) organonitrile complex. At 25°C and an ionic
strength of 0.10M (the ionic strength must be carefully
controlled because the reactants are both charged), I obtained
a rate constant of 7.0M 's™l. As a check on the application
of results for this single step reaction to the two-étep
sequential reaction series we are using (Scheme 2). I ran
reactions which are faster, allowing me to monitor both the
direct reaction of hexaammineruthenium(II) and, in a separate
experiment, a pentaammineruthenium(II) organonitrile complex
with the same cobalt(III) complex, l-adamantylcarbonitrilo-
diaquotriamminecobalt (III). The synthesis for these‘compounds
is described in Chapter II. The concentrations of the metal
complexes were typically about 10-4M for both the ruthenium

and the cobalt complexes. The method is described in detail

in the experimental section of this chapter. With the exception



Scheme 2.

The electron transfer sequence.

In the first reaction, the ruthenium(III) site

of the bimetallic complex is reduced rapidly.

The subseduent slow reduction of Co(III) can

occur by intermolecular or.intramolecular reac-
tions. Addition of excess pentaammineruthenium(II)

leads to relatively rapid reduction of the Co(III).



(NH3)5Ru(III)NC@—CNCo(III) (NH3)4(H20)6+

"Ru(NHB)BZ*i - (Stoichiometric)

(N}_z3)5Ru(II)Nc~6-'-CNCO (III) (NHg) , (Hp0)”F

. . 2+
. Excess Ru(I\HB)6 l

; +
(NH3)5Ru(II)NcA6—CN2* + Co(H,0)¢*
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that in the case of the reaction involving l-adamantylcarbo-
nitrilopentaammineruthenium(II) and l-adamantylcarbonitrilo-
diaquotfiamminecobalt(III), I had thrée solutions to purge.
The solution of the cobalt complex was purged inside the cell
in the cuvette holdexr. The solution of Ru(NH3)62+ and the
ruthenium organonitrile complex were purged at the same time
on the argon line, which is described in detail in Chapter II.
In all cases, the reactions showed second order kinetics be-
havior. The rate constants were calculated by plotting
1/absorbance against time and obtaining the slope. The rate
constants and half-lives obtained from the second order equa-
tion, t% = l/k[concentration]o , were 1.33 x 103 M 1s7! witn
a half-life of 1.25 seconds at concentrations of ‘6.0 x 10~%
for the reaction of Ru(NH3)62+ with l-adamantylcarbonitrilo-
diaquotriamminecobalt(III) and 3 M'ls_1 with a half life on
the order of 10 minutes for the reaction of Ru(l-adamantyl-
carbonitrilo)(NH3)52+ and Co(1-adamantylcarbonitrilo)(NH3)3-
~(H20)23+

in the readtion in which Ru(l—adamantylcarbonitrilo)(NH3)52+

, both at 5.0 x 10-4 M. The much slower rate found

is present initially demonstrates that the'Ru(NH3')52+ cer-
tainly does reduce the Ru(NH3)5NCR3+ moiety first. The fact
that the ruthenium-nitrile bond remains intact is demonstra-
ted by cyclic voltammograms takne before and after addition
of Ru(NH3)62+ (Figure 7). The rate of reduction of the

Co(III) species is much slower in the case of reduction by



41

Ru(NH3)5NCR2+ compared with the reaction of Co(III) with
Ru(NH3)62+. This is consistent with the more favorable
reduction potential (and, hence, less favorable oxidation)

3+/2+ 3412+ i

of Ru(NH3)5NCR compared with Ru(NH3)6
difference in reduction potential is the most important factor
needed to obtain ﬁhe-expected rate for the reaétion Qf the
pentaammineruthenium(III) organonitrile species with
l-adamantylcarbonitriloaquotetraamminecobalt (III) from the
rate obtained for the reactioﬁ of héxaammineruthenium(II).
Marcus' cross relation is; kiz'; (kllk2 Kizf)% (36). T6 gét
--the rate of -one cross reaction (Ru(NHS)SNCR o Co(NHB)éf
’ (HZO)NCR3+) from the rate of another Ru(NH3)62+ + Co(NHB)4 -

(HZO)NCR3+),

the most important factor will be K12 and a
significant but less important factor is "f". Other factors
‘that cont&ibute to 4G can be elimited as follows. Complexes .
of the same metal ions with similar metal-ligand bonds (i.e.
Co(III) - with 5 nitrogen atoms and one oxygen atom bound and
Ru(II) with six nitrogeh atoms in both reactions) should have
similar inner-sphere reorganization energies (the principal
component of the Franck-Condon barrier). Complexes of the
same charges and sizes have very similar outer-sphere re-
organization energies and coulombic work terms. Thus, the
only remaining factors that might cause an appreciable
difference in rates of two reactions of this type are the

overall driving force due to the potential difference and the

factor f£f.



Figure 6.

A plot of absorbance data (as l/concentration)

vs. time for the reaction of l~adamantylcarbonitrilo-
pentaammineruthenium(II) with diaquotriamminecobalt (III)
in aqueous trifluoromethane sulfonic acid solution
(I=0.10M) at 25 C. The linear plots are consistant
with second order behavior. The concentrations

of Ru(II) and Co(III) were 4.5 x 107*M and

4.5 x 10-4M, respectively. The rate constants
obtained from these piots are 3.1 M'ls_l and

3.6 M ts7L,
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Figure 7.

C&clic voltammograms of u-1,4-dicyano-[2.2.2]~
pentaammineruthenium(III)aquotetraamminecobalt (III)
before (right) and after (left) the addition of an
equivalent amount of pentaammineruthenium(II). |
Boﬁh voltémmogfams were obtained in dimethylformamide
(0.10M tetrabutylammonium perchlorate) using platinum
wires for working and auxiliary electrodes and a

Ag/AgCl reference electrode.
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To use the Marcus cross relation, the values of kll
and k22 (the self exchange rates for the cobalt complex in
the 2+ and 3+ states and for the ruthenium complex in the
2+ and 3+ states, respectively) and K;9 (the overall
equilibrium constant for the reaction of a particular Co(III)
and Ru(II) complex) must be estimated. The se}f—exchange |
rates for the Co(IILI) complexes I have studied should be very
similar to those of other small cobalt(III) ammine complexes.
Due to difficulties with the measurement of the Co(NH3)63+/2+
self-exchange rate (37), the best established self-exchange
rate for a cobalt amine complex is that of Co(ethylenadiamine)3

o]
3+/2+ 'ls-l at 25 C and an ionic strength of

, which is 5x107°M
0.10M (38). Likewise, the self-exchange rates for the

ruthenium complexes I have studied should be ;imilar to those
of other rutheniumammine complexes..'Using the values of the

3+/2+

Ru(NH3)6 self-exchange rate constants of Meyer and Taube

(39) and correcting to an ionic strength using the relation-
ship: log k = log kg +-(.22122 o (p)%) / 1+ 5(ﬂ)%) 7 )
whe;e.u = 0.51 and 8 = 0,329 , glves a rate constant of 2 x 103.

The value for the reduction potentials of cobalt(III)
ammine complexes cannot be directiy determined becausé the
electron transfer reactions of tﬁese complexes at electrode
surfaces are too slow. The self-exchange rates discussed above
and the rgaction rate for the cross reactions of the cobalt(III)
and ruthenium(II) complexes can be used in the Marcus cross

relation equation, however, to estimate potentials of the
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overall reactions. This equation gives E = 0.317V for

the observed reaction and E = -0.100V for the desired
reaction. With these wvalues in head, we can now calculate
the factor £ and the difference in the rate expected by
changing Kio. It should be kept in mind that the rate dep-
ends on £ by the relationship: ki+k(f'/f)%. The factor £

for the observed reaction is:

' 2
me = (KL 4 23 08)668 317) 42 | 1 (%107 )(2X103)
11,2
In 11k 4 (1=
zz (22)

or £f=0.509. The factor f'for the desired reaction is

[ (23.06) (-0.100) 2
0.600

4

s (5x10™2) (2x10°)
oth?

In £ =

-0.067 (23)

so £'=0.935 and (f')%/(f)%=l.36. The absolute value for the
‘potentials which were used (0.317v and -0.100V) are question-
able from the Marcus cross relation, but the value of f is
quite insensitive to Ko unless it is very large (i.e. chang-
ing the values of the potentials to 0.217v and 0.200v gives
(£')%/(£')%=1.17 instead of 1.36). |
Using the value for AE that I have determined for

1l,4-dicyano~ [2.2.2] blcyclooctanepentaamm1neruthen1um3+/2+
(whlch is nearly identical to that of l-adamantylcarbonitrilo-

3+/2+)’

pentaammineruthenium gives
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-1 -1

k' = 7.0M " s~ (1.36) exp (-0.417)(23.06 kecal) / (2)(1.987 gglk?(298K)

mol. mol.

3,1 -1
s

k' = 2,7x10° M

As expected from the less favorable potential for oxidation

2+ complex, the predicted reaction rate

of the R.u(NH3)5 NCR
for the intermolecular reaction of the organonitrile ruthenium(II)
complex is much slower than that of hexaammineruthenium(II).

Once we have obtained the appropriate intermolecular
reaction rate constant, it has to be modified by two factors
that differentiate an intramolecular reaction with fixéd metal
ions from the intermolecular reaction. The first of these
factors is the advantage of preassembly of these positively
charged metal atom sites in the bimetallic complex. This
factor:fs obtained from the equation for coulombic work, wy =
55%%%ﬁ3%— The ifctor W, has (25) been calculated for aqueous
solutions at 25 C and an ionic strength of 0.10M for
R11(NH3)63+/2+ by Sutin and coworkers to have a value of 1.8
kcal/mole (21). The second alteration is a statistical factor
to account for the. effective concentration of two metal
complexes at their contact distances. For any second order
intermolecular reaction, the rate as a function of concentration
would eventually reach a plateau at high concentration when

the probability of the two species being in close proximity

~approaches unity. The statistics of this situation has been
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treated by Kreitman and Hamaker (25). In their tréatment,
they used volumes for the two "impurities'" in the close-
packed latties. In our case we are dealing with species
whichuare of quite different size (the Ru(II) and Co(III)
complexes) than the solvent. Therefore, we have chosen to
use molar volume fractions rather than méle fractions. We
are using the close-packed face centered cubic lattice for
our model of the liquid state. The radii of the complexeé
is taken to be approximately 7.24 (using a radius of 6.6A
for Ru(NH3)62+ and 2& additional for the bridge and the
equation, Eé%(dldzdS)% - (23) ); giving a molar volume of
0.94 liters or a concentration, if one could make an entire -
solution consisting only of the metal complex ion, of 1.06M.
Kreitman and Hamaker give the folloﬁing equations for the
probability of proximity of the two "impurities', i.e. the
Ru(II) and Co(III) inner ccordination spheres on our case):
12 ab (1 - x )'® / x for mixed double interaction,

36 azb( l-x )23 5( 1-x ) + 2 [/ x for mixed open triple
interactions and 48 azb ( 1-x )22/x and 24 ab2 ( 1-x )22/x
for mixed closed triple interactiéns. At the volume fraction
of 1.0x1073 (i.e. 1.06x1073M), the probabilities of a and b
being adjacent are,.respectively, 5.8x10-3, 0.08x10-3,
0.08x1073, 0.02x1073 and 0.01x1073 for a total of 6.0x107>.
Thus, the rate for the intermolecular reaction at a given

concentration has a probability factor about six times as
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great as the magnitude of that concentration (6.0x10'3/1.06x10_3).
From this analysis, we take the conversion factor for the
the effective concentration to be 1/6M. The expected rate for
the intramolecular reaction is, therefore, 2.7x107 M st &
22584 = 1.0x10"25"L, |

The theories most commonly applied to prediCtioné‘of
rates of tunneling reactions are’due to Hopfield and Jortner
(3,23), Marcus and Siders (40) have discussed the importance

of distinguishing cases involving matter between the sites

(as in Hopfield's estimation of e—l'4r for cytochromes) (3)
-2.6r)

and cases involving vacuum (Jortner's estimate of e
(25). All approaches have resulted in an exponential dependence
of the rate on distance, but the value of the exponential
factor is difficult to ascertain theoretically. Our observed
value of over lO4 for 43 requires a value of at most e-2.3r (41).
It is certainly possible for électron transfer reactions to
occur over largg distapces, és recently shown by Calcaterra,
Closs and Miller (31), but it appears from this work that
further experiments now involving higher driving forces and/or
shorter barriers will be necessary to acheive measurable
electron transfer reactions with bimetallic complexes of
Ru(II) and Co(III). |

One approach we have made is to increase the driving force
by using a diaquotriamminecobalt(III) moiety. My initial

experiments with a bimetallic complex of 1,4-dicyano-(2.2.2]-
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bicyclooctane with this moiety and pentaammineruthenium(II)

production of Co(H20)62+ (i.e. t 1 minute at 10f4M) occurs.

L
To interpret these data, a largeznumber of runs must be made
to see if the plot of the second-order rate constant obtained
is linear with concentration or if the reaction becomes first
order at low concentrations. This study requires much more

of the 1,4-dicyano-[2.2.2] -bicyclooctane ligand than is now
available and further study is being undertaken by Dr. Kenneth
Wilkowski and other members of our group. Dr. Wilkowski and

I have also monitored the reaction of the bimetallic complex
of tramns-1,4-dicyanocyclohexane with diaquotriamminecobalt(III)
and pentaammineruthenium(II) attached. This species shows
second order reduction of Co(III) that is directly concentratién
dependent over the concentration range of 2xlO_4M to 5x10-4M

' S I |
with a rate constant of 556 27 M ~s

(correlation coefficients
of 0.998.0r better for runs at five different conceﬁtrations,
1=0.10M, T=25.0°C). .If the effective concentration for

. comparison of intramolecular and intermolecuar rate constants
is taken to be 3.7M and it is assumed that as much as 20%

of the reaction could be first-order (intramolecular) the

inhibition by the saturated ligand would be a factor of
5x3.7

2x10° % = 9x10%,
To extend these studies, the easiest method would involve
using the same complexes but using solvents of lower dielectric

constant in order to slow down the intermolecular reaction
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without greatly affecting the intramolecular reaction. The
coulombic work term is inversely dependent on the static

dielectric constant:

W,

e = (272D / D« (L+x) (25)

where: k= (87 N° ey /1000 D, R T )

reducing a reaction with a rate constant of 1 sec™! in water
to 4.2%x1073 sl in methanol and 3x10™° in acetone. The solvent
rearrangement term, AG , however, is principally dependent on
the optical dielectric constant, which is quite similar for
several reasonable solvent systems (e.g. 1.78 for H,0, 1.77
for MeOH, 1.85 for acetone), so the intramolecular rate would
bé only slightly affected. Other experiments could involve
ligands with shorter distances between the metal atoms or
complexes with greater driving forces.

From this work, it is clear that even short saturated
barriers such as bicyclooctane or cyclohexane can inhibit
electron transfer between metal ioms. .We have found the in-
hibition factor to be at least 10% to 10° for complexes of
ruthenium(II) and éobalt(III) in which the separation between
thé me;al'atoms is no more than 42 beyond the normal radius
of the first coordination sphere. This inhibition factor is
greater than that predicted by Hopfield and at 1eas£ as gréat
as that predicted By Jortner. The range of possible separation

distances of cytochromes has been wide - from only a few

Angstroms to tens of Angstroms. The reactions of cytochromes



in mitochrondria are relatively fast - within a few orders

of magnitude of their reactions in homogeneous solution (1).
The great inhibition at such short distances Wﬁich we have
observed indicates that either the donor and acceptor sites

of the cytochromes in mitochrondria must be very close to

one another (within 5&) at the time of electron transfer or
that proteins can allow electron transfer to occur more

readily than saturated molecules. More experiments will be
required in which the type of ligand between the metal ions

is changed and in which the métal sites themselves are changed
also. At least in the case of cobalt and ruthenium complexeé
of the saturated ligands, 1,4-dicyano-[2.2.2]-dicyanocyclohekane,
thermal electron transfer is greatly inhibited by the saturated
barrier.

The following chapter describes the synthesis and the
kinetics of formation and decomposition reactions of the
complexes described in this chapter. The study of these
complexes required the development of new synthetic methods.
The complexes had to be well characterized and their stability
in solution had to be established. These related studies
produced results which are interesting in their own right and
which are distinct from the study of electron transfer reactions

presented in the first chapter.
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CHAPTER 2

A, Introduction

In this chapter, the synthesis, and the kinetics of
formation and decomposition.of ruthenium(III) nitrile
compléxes and the synthesis of bimeéallic comﬁlexes of
ruthenium(III) and cobalt(III) will be discusged. The
objective for studying formation and decomposition reactions
of these complexes is to be able to learn about the stability
of these complexes before undertaking the kinetics studies
of the electron transfer reactions with the bimetallic
complexes.

A very important objective of this project was to devélop
a synthesis for mixed bimetallic.complexes which avoids
ruthenium(II) as an intermediate. The bimetallic complexes
have been s&nthesized with the aid of Sargeson's and coworkers'
idea of using labile trifluoromethanesulfonate complexes as
intermediates (42). The typical procedure that are presently
used to make: ruthenium(III) complexes involve the use of
relatively labile ruthenium(II) intermediates such as

Ru (NHy) 5 (Hy0) 2" or Ru(NHg),(S03) (Hy0) . (43,44). Once

the labile ligand on the ruthenium(II) complex gets replaced

by the desired ligandf oxidation to ruthenium(II) is accomplished
with reagents such as Ag(I)(43), Ce(IV) (45), Br2(46), H202(44).

In some cases, these methods are not ideal, and the use of the
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trifluoromethanesulfonate complex td -avoid the use of
rufhenium(II) as an intermediate becomes important. Some
of the reasons why the use of ruthenium(II) as an inter-
mediate would be inappropriate in our synthesis of the
bimetallic complexes are: one, cobalt(III) is reduceable
by ruthenium(II); two, the ligands themselves are oxidiz-
able, therefore strong oxidizing agents should be avoided
and; three, these methods require that the ligand compete
successfully against the solvent, water, in binding to
ruthenium(II).

Some background information concerning the kinetics
and mechanism for formation reactions of ruthenium complexes
is available in the literature. First, there are considerable
data for ruthenium(II) substitution reactions reported
especially by Henry Taubé's and Peter Ford's groups (43,47).
The ruthenium(II) ligand exchange kinetics can generally
be interpreted as involving a dissociative-interchange
mechanism. Much less data are available for ruthenium(III)
reactions. These reactions are considerably slower, often by
a factor of a million. Broomhead; Basolo and Pearson have
reported rates for the hydrolysis of the halopentaammine-
ruthenium(III) complexes (48). The acid hydrolysis rate for
chloropentaammine ruthenium(III) is 3.1x10—6/sec at 35°C.
In 1969, Eliades, Harris and Reinsalu reported that the rate

for acid hydrolysis of the chloropentaammine ruthenium(III)
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complex 1is 3.5x10—6/sec at 37°C and of the bromopentaammine
ruthenium(III) complex is 4.0x10_6/sec.at 37%¢ (49).Thus, this
reaction has a half-life on the order of a month.

Some studies have been reported of the substitution
kinetics for reactions of relatively inert octahedral complexes
of the heavier transition metals such as rhodium(III) and
iridium(III). Data for volumes of activation of these reactions
obtained by Thomas Swaddle indicate that they may follow an
associative-interchange mechanism rather than dissociative-
interchange mechanism which is characteristic of familiar
' cobalt(III) reactions (50).

In addition to the syntheéis and the formation kinetics
of the bimetallic complexes, this chapter also considers the
question of stability of Co(III)-Ru(III) complexes. It is

~important to know how stable the bimetallic complexes are
before undertaking the kinetic studies of the intramolecular
electron transfer reactions. It is well known from Basolo -
and Pearson's work that the substitﬁtion of NHg and H,0
bound to Co(III) are catalyzed by base but in acid the half
life is on the order of weeks (48). It is well known from
Taube's work that ruthenium(II) and ruthenium(III) ammines
are stable in acid concentrations of 1.0M or less and here
again the half life is on the order of weeks (44,45). The
question we needed to answer was the degree o% the stability

of Co(III) organonitriles and Ru(III) organonitriles. We
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have synthesized bimetallic complexes with cobalt(III) and
ruthenium(III) ammines bound to nitrile groups for the study
~of intramolecular electron transfer reactions. When such
complexes are dissolved in acid solutioms, spectral.changes
consistent with hydrolysis of the nitrile group bound to
ruthenium(III) occurs slowly. To understand the nature of
these reactions and to determine how well the reéction rate
can be predicted for given conditions, we undertook the
study of the acid hydrolysis of organonitriles bound to
ruthenium(III).

Work done by Buckingham, Keene and Sargeson in 1973
showed that the hydrolysis of acetoniﬁ?ile in basic aqueous
solution is catalyzed by a factor of 2x10% on coordination
to Co(NH3)53+(51). Zanella and Ford reported in Inorganic
Chemistry, 1975, that the specific rate of hydrolysis of
the ruthenium(III) organonitrile is on‘the 6rder of
102M—1éec-1(52), which is about 102 times faster than the
analogous cobalt(III) complexes at pH7 or below. The pre-
dicted half life for hydrolysis of a ruthenium(III) nitrile
complex, .then, would be 190,000 hours at pH3. 1In both cases,'
there was no evidence for a base independent hydrolysis path.
In our work we have found there is a base independent hydrolysis

“path.
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. B. EXPERIMENTAL

1. MATERIALS

Commercial Chemicals

acetone
acetonitrile

alumina (80-200mesh)

anhydrous trifluoromethanesulfonic acid

cobalt carbonate

cobaltous chloride

cuprous chloride
l,Z—dibromoethane
1,4-dicyanocyclohexane
1,4-dione-2,5-dicarboxylic estes
dimethyl sulfoxide

ethanol (95%)

ethanol (absolute-Gold Shield)
ether'(anhydrous)

methylene chloride
propane-~1,3-dithiol

ruthenium hexaammine trichloride
sieves (32)

sodium hydroxide
sodium’bicarbonate

zinc metal (granular, 20 mesh)

zinc metal (mossy)

Supplies

Fisher

Fisher

Fisher

3M Company

Alfa

Fisher
Malinckrodt
Aldrich

Aldrich

Aldrich

Fisher

Fisher

IMC Chemical Group
Fisher

Fisher

Aldrich

Matthey Bishop Inc.
Davison
Fisher
Fisher
Fisher

Baker



59

Trifluoromethanesulfonate reagents

The trifluoromethanesulfonic acid (HTFMS) was obtained
from 3M Manufacturing Company as the anhydrous acid. This
material was slowly added to an equimolar amount of water and
then vacuum distilled twice through on all glass distilation
apparatus. The monohydrate coﬁtained 5.85mmH+/g and had a
density of 1.68g/ml at 25°C. resulting in a calculated molarity
at 25°C. of 9.83M.

The lithium salt of trifluoromethanesulfonate, LiCF3SO3
was prepared by the addition of dilute H30+CH3SO§ to re-
crystallized LiCOB. |
2. Synthesis

a. Organic compounds

u-1,4-dicyano-2.2.2] -bicyclooctane. One approach
followéa for -the synthesis of the -1,4-dicyano-[2.2.2]-
bicyclooctane was that reported by Guha in 1972 (17). In-
itially, 3.6g of Na was dissolved in 200ml of E+OH then 20g
of'cyclohéxane-l,A-dione-Z,S-dicarboxylic ester were added
after refluxing for 2 hours most of the ethanol was distilled
off. The last traces of ethanol was removed with a water
aspirator at 150°C. To this sodium compound 100ml of dried
i,Z;dibromoethane were added. This mixture was refluxed for

72 hours using an oil bath at 140-150°C.



'Na + EtOH > CHO™ + Na™
0 0 0
Et0-¢ ' Eto-6_ A
20T c ot
4 . g-OEt
. o
3 P
1+ }.
ERO A Eto-b
+  BrCH,CHBr —>
C-OEt C~OEt
0 d
Y
I II

Then steam distillation was done by occasional addition of -
water until no more dibromoethane comes off. It takes about
10 hours. Product isolation was difficult. The product was
filtered and washed three times with HZO‘ A semisolid wés
obtained. This semisolid was tranferred to a beaker and
50ml of ETOH were added, which dissolved most of the oil

and left the crystals behind. After se%eral hours standing
in the refrigerator, the white solid ppt. was filtered

from alcohol solution. The white crystals were washed
several times with 17 NaOH until the test for FeCl3 was
negative. The way to test the presence of enol is by taking
a little bit of starting material and tést witﬁ FeCl,. 1If

a purple color is obtained, the enol test is positive. To

recrystallize the product it was dissolved in hot ethanol.



The yield was about 15%. The m.p. reported in the literature
is 112°. and I obtained 107°o 109°C. The infrared spectrum

has the characteristic peaks of a ketone, l735cm,'1

and
ester, 17220m,—l as reported in the literature.

The objective of the next two steps is the removal of
the ketone functional groups. 7.0g of the ketoester were
dissolved in ZOml of freshly distilled chloroform. 1088g
of propane-1,3 dithiol were added with constant bubbling of
HC1l for six hours at 0°C. the product was washed with 2N/NaOH
two times and with lN/NaHCO3 one time. The product was dried
using the rotatory evaporator. Then this product was refluxed

for 2 hours in hexane and filtered with a slow paper. The

yield was about 507 an infrared spectrum shows the disappearance

of the ketone peak at l735cm-1. This step converted the
diketone to the dithioether.

0 0

' .

-0Et b-oEt

o Z:«S/
8-0Et 8-0Et '
11T 1v

The next step involves the use of Raney Nickel. To a solution
containing 380g of NaOH in 1.51 of Hy0 in a 3.1 beaker was

stirred and cooled in an ice bath to 10°C. then 300g of
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Nickel-Aluminum alloy 50%-507% was added to the solution in

small portions with continuous stirring at’such rate that

the temperature did not use above 25 C. It took about two

hours to add all the alloy.. The reaction mixturerwas placed

on a steam bath for 12 hours. The water volume was kept constant
until there was no more evolﬁtion of hydrogen observable after
twelve hours. The nickel must be washed many times with water
until the pH is neutral. Caution must be observed because

is easy for the nickel to ignité.' (NiAl,+6NaOH ~» Ni+2NaqAl04+3H,) .
The continuation of the synthesis was done by Liangshia Lee
and John D. Petersen from Clemon University. In order to
remove the thioether grdups ffom here, IV, 20 grams of this
compound were refluxed for 48 hours with 250g Raney Nickel in
250 ml of 95% ethanol. The nickel was filtered, the solvent
was removed through a 20cm vigeraux column and the residue
.was distilled under reduced pressure. Additional product was
obtained by extraction of the filtered nickel for 24 hours
with ether in a soxhlet extraction apparatus. The yield was
40%. The yield reported in the literature is 807%.

The next step is:

0 0
] . . , i
C-0Et C-CH

HC1 / CH3COOH

L
Cal

ﬁ-OEt C—OH

0 8

V' ' ' ' VI
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7.4g of diethyl bicyclo[2.2.2]-octane-1,4 dicarboxylate was
heated gently‘in the presence of 50 ml of glacial acetic acid
and 25 ml of concentrated HCl, for four hours. The product
was filtered with suction and recrystallized from glacial
acetic acid. The yield at this step was 90%. Then the
dicarboxylic acid was converted to the 1,4-dicarboxyamide-
[2.2.2]-bicyclooctane by taking 15 grams of the dicarboxylic
acid and heating for nine hours in the presence of 100 ml of
SOClz, the excess amount of SOC12 was distilled off under

suction with a water pump. - Then

0 0 0
Ii Il Il
C-0H c-cl B C-NH,
|
socl, NH,
L —————— e —— 4
[
C-0H c-Cl d—NH2
] i li
0 0
VI VII VIII

40 ml of.aqueous ammonia was added to the residue and re-
fluxed for two hours. The product was collected on a filter.
The final step involves the conversion of amide to the di-
nitrile compound. This was done by taking 300mg of amide

and 1.2 grams of P,05, mixing well in a nitrogen filled

0 N
I i
C—NHZ_ C

P205 R
C—NH2

]

VIIT IX
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glove bag and placing in a cold finger trap. The mixture was
then heated with a direct flame under suction. The white
crystals were collected on the cold finger after 30 minutes.
The yield was about 697%. The infrared spectrum shows é

1

cyano stretch at 2240cm™ as it was reported in the literature.

Trans-1,4-dicyanocyclohexane. The material obtained

- from KNK laboratories required purification. It was crystallized
from boiling glacial acetic acid (30g to 50 ml) twice. The

white needle-shaped crystals were washed copiously with water

and air-dried, giving a yield of 75%. This material had the

the melting point of the trans isomer and 65°C. for the cis

isomer: Liberman, A.L. and Lerman, B.M., Akad. Nauk. SSSR,

Doklady, English Ed., 1971, 201, 905).
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b. Ruthenium Compounds

Trifluoromethanesulfonatopentaammineruthenium(ITII)trifluoro-

methanesulfonate.

The synthesis for the trifluoromethanesulfonatopentaammine-
ruthenium(III) proceeds as described by Sargeson and coworkers
(42) for the analogous cobalt complex. trifluoromethane-
sulfonatopentaamminecobalt (III), with the following exceptions:
(1) the ruthenium precussor, Ru(NH3)SCl Clé'Z/BHZO, was
allowed to react for 2 hours at 95°C instead of 1 hour, and.
(2) the product was filtered by equally dividing the reaction
mixture into three medium porosity fitted filter funmels of
2.5cm diameter and 10.5 cm height fitted with a septum cap

and under positive pressure of dry nitrogen gas. The most
convenient scale for.this preparation is 5-10g of product.
Visible spectrum (in anhydrous HCF3SO3): 285cm-l, €=890;

(in sulfolane) 284cm™ L, £=870, (Fig 8).



Figure 8. The visible absorption spectrum of
trifluoromethanesulfonatopentaarmineruthenium(III)
trifluoromethanesulfonate in anhydrous

trifluoromehtanesulfonic acid.



1.O

67

1

| ]

0.0

300

N (nm)



68

l-adamantylcarbonitrilopentaammineruthenium(III) trifluoro-

methanesulfonate

A.new cbmplex,(1-adamantylcarbonitrile)pentaammine—
ruthenium(III), was synthesized using trifluoromethanesulfonato-
pentaammineruthenium(III) as the starting material. The
synthesis was done by dissolving 500mg of [Ru(NH3)5(CF3803)]
(CF3SO3)2 in 10 ml of tetramethylenesulfone and adding an
equal molar amount of the organic ligand, in this case
1—adamantylcarbonitrilé. The reaction takes about thirty
minutes at 6(°PC. The way to monitor these reactions is by
using cyclic voltammetry. Tﬁe reason for that is that the
half wave poténtial.of these ruthenium complexes afe very
sensitive to the nature of the ligands. This reaction has
a reversible E% of 0.467V vs N.H.E. in dimethylfofamide,
0.10M tetrabutylamménium perchlorate (Fig 9). The product
was isolated by adding an equal volume of acetane followed
by addition of diethyl ether approximately ten times the
original volume. The crude product was recrystallized in
a minimum amount of water and adding 5 M équeousvtrifluoro-
methanesulfonic acid drop by drop until the acid concentration
is approximately 1 M. For initial isolation of a complex,
it is useful to periodically centrifuge the mixture and
observe the visible- uv spectrum of the supernatént‘ Tﬁe
principal by-product appears from its spectrum to be

[Ru(NH3)5(H20)] (CF3SO3)3. The anhydride, (CF3SOZ)O, may



Figure 9.

The cyclic voltammogram of l-adamantylcarbonitrilo-
pentaamminerutheﬁium(III)trifluoromethaﬁesulfohate
in dimethylformamide with 0.10M tetrabutylammonium
perchlorate using platinum wire working and
auxiliary electrodes and a Ag/AgCl reference

electrodes.



70




71

be added to the initial reaction mixture to reduce the
amount of this by-product. Visible- u.v. spectrum:

299 em~Ll. €=626; (0.1M H3o+CF3sog) (Figure 10) and

infrared spectrum: CN stretch 2290 cm-l (Figures 12 and
13).



Figure 10. The visible absorption spectrum of
l-adamantylcarbonitrilopentaammineruthenium(III)-
trifluoromethanesulfonate in aqueous trifluoro-

methanesulfonic acid (0.1M).
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Figure 11.

The visible absorption sPéctrum of the
supernatant liquid in the synthesis of
l-adamantylcarbonitrilopentaammineruthen-
ium(III) trifluoromehtanesulfonate. This
spectrum closely resembles that of an authen-
tic sample of aquopentaémmineruthneium(III)

trifluoromehtanesulfonate.
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Figure 12.

The infrared spectrum of l-adamantylcarbo-
nitrilopentaammineruthenium(III) trifluoro-

methane sulfonate in a KBr pellet from 4000

to 1800 cm” L. The peak assigned to the CN

stretch is at 2280 cm-l.
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Figure 13. The infrared spectrum of l-adamantylcarbonitrilo-
pentaammineruthenium(iII) trifluoromethanesulfon-

ate in a XBr pellet from 1800 to 300 em~ 1.
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C. Bimetallic Compounds

General Procedure

The synthesis of the bimetallic compounds involves first
reacting chloroaquoamminecobalt(III) trifluoromethanesulfonate
(obtained from the corresponding sulfate salt prepared by
Schlessinger's method, followed by ion exchange chromatography)
with the desired organic ligand in the presence of 10% excess
trifluoromethane sulfonic anhydride using dried sulfolane as
a solvent. In fhis reaction the anhydride removes the
chloride and this is replaced by cyano group from the
.organdnitrile ligand. The reaction mixture is heated for
15 minutes at 75°C. The reaction is monitored with the aid
of visible absorption spectroscopy. The complex is then |
isolated by extracting with methylene chloride and further
characterization is done with the aid of an infrared spectrum.
Once the cobalt is bound to one end of the ligand an equal
molar amount of the trifluoromethanesulfonatopentaammine—
ruthenium(III) in the presence of trifluoromethanesulfonic
anhydride (using 10% excess of the anhydride). The reaction
is carried out in dried double distilled sulfone. The reaction
is carried out in dried distilled sulfone. The reaction mixture
is' heated up for 2 hours at 65°C. The reaction is monitored
with the aid of cyclic voltammetry.' Figufe 14 is a voltammogram
for the 1,4-dicyan612.2.21 -bicyclooctanepentaémmineruthenium(III)—

diaquotriamminecobalt (III) complex and Figure 15 is the
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voltammogram for the un-1,4-dicyano-[2.2,2]-bicyclooctane-
pentaammineruthenium(III) -aquotetraamminecobalt (III) complex.
The half-wave potential for the ruthenium complexes is
generally very sensitive to the nature of the ligand. 1In

this case the half wave potential shifted from -0.013v vs

the neutral hydrogen electrode when the sulfone was bound

to 0.467v when the 1,4-dicyanol2.2.2]bicyclooctane became
bound to the ruthenium complex. Cyclic voltammetry is a
better method by which to monitor the ruthenium reactions

than is visible absorption spectra are quite similar in

this region. After two hours the product is coocled to room
temperature and isolated by addition of an equal volume of
acetone and a ten-fold volume of diethyl ether. The bimetallic
product is recrystaliized by dissolution in a minimum amount
of 0.01 molar trifluoromethanesulfonic acid, filtration to
remove pentaammineruthenium(III) inpurities, and addition of
10M aqueous trifluoromethanesulfonic acid until tﬁe total acid
concentration is about 4M. The analytical results are found
to be in good agreement with the calculated ones. The
different bimetallic complexes I have synthesized using this
method are: one, ®-1,4-dicyanol2.2.2]bicyclooctanepentaammine-
ruthenium(III)aquotetraamminecobalt(III); two, ®-1,4-dicyano
[2.2.2]-bicyclooctanepéntaammineruthenium(III)diaquotriammine-'
cobalt(III); three, 1,4—dicyanocyclohexanepentaamminef
ruthenium(III)-aquotetraamminecobalt (III); four, 1,4-dicyano-

cyclohexanepentaammineruthenium(III)diaquotriamminecobalt (III);



Figure 14.

The cyclic voltammogram of u =1,4-dicyano-[ 2.2.2] -
bicyclooctane-pentaammineruthenium(III)diaquotriammine-
cobalt (III)trifluoromethanesulfonate in dimethyl-
formamide with 0.10M tetrabutylammonium perchlorate.
The working and auxiliary electrodes were platinum

wires and the reference electrode was Ag/AgCl.






Figure 15.

Tﬁe cyclic voltammogram of u-l,4-dicyano-[2;2.2]-
bicyclooctanepentaamminefuthenium(III)aquotetra—
amminecobalt (III)trifluoromethanesulfonate in
dimethylformamide with Q.lOM tetrabutylammonium
perchlorate. The working and auxiliary electrodes

were platinum wires and the reference electrode

was Ag/AgCl.






five, u-1,4-dicyano-[2.2.2]bicyclooctanebis (pentaammine-

futhenium(III)).



w-1,4-dicyanobicyclo-{ 2.2.2] -octanepentaammineruthenium(TIT) -

diaquotriamminecobalt (ITII) trifluoromethanesulfonate

The procedure for the synthesis of u -1,4-dicyanol[2.2.2] -
bicyclooctanepentaammineruthenium(III)diaquotriamminecobalt (IIT) -
trifluoromethanesulfonate involved reacting 0.200g of the
chlorodiaquotriammine with 0.668g of 1,4-dicyano(2.2.2].- bicyclo-
octane in two ml of dried double distilled sulfolane in the
presence of 80X of trifluoromethane sulfonic anhydride. This
reaction takes 10 to 15 minutes at 8F C. In order to keep
the temperature constant an oil bath was used in top of a hot
plate., This reaction is monitored with the aid of a visible
absorption spectra. The peak shifts from 523 cm'l initially
to 506 cm"1 (Figure 16) at the end of 15 minutes. The material
was allowed to come to room temperature and then the product
was isolated by extracting with methylene chloride. For each
ml of sulfane, 10 ml of water and 50 ml of CH2C12 are added.
The 10 ml of water which retains the complex is extracted 8
to 10 times with 50 ml portions of methylene chloride. The
water layer is dried using the rotatory evaporator. Further
characterization.is done with the aid of an infrared spectrum
(Figure 17 and 18) an average yield at this step is befween
75-80%. Once the cobalt complex is boéund at'one end of the
ligand then the ruthenium complex is added to the other end.

To 0.100g of diaquotriamminecobalt(III) trifluoromethanesulfonate

in 2 ml of double distilled sulfolane and 25)» of trifluoro-



Figure 16. The visible absorption spectrum of v -1/4-dicyano-
[2.2.2] -bicyclooctanediaquotriamminecobalt (III)-
trifluoromethanesulfonate in acidic aqueous

solution.
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Figure 17.

The infrared spectrum of 1,4-dicyano-[2.2.2] -
bicyclooctanédiaquofriamminecobalt(III)trifluoro—

methanesulfonate in a KBr pellet, from 4000 to

1800 cm™ . The peak assigned to the free CN

group is at 2240 em™ L.
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Figure 18. The infrared spectrum of p—l,4—dicyano-[2.2.2]—
bicyclooctanediaquotriamminecobalt (ITII)trifluoro- -
methanesulfonate in a KBr pellet, from 1800 to

400 cm™ L.
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methane sulfonic anhydride were added. Once they were dissolved,
which took about a minute or two, 0.0837g of trifluoromethane-
sulfonatopentaammine ruthenium(III) were added. The reaction
takes two hours at 60°C. Again the temperature was kept constant
using an oil bath. This reaction is monitored with the aid of
‘cyclic-voltammetr§ as I mentioned before. 1In this case the

half wave potential shifted from —0.013& to 0.467v vs N.H.E.
After two hours the-product was allowed to come to room
temperature. The bimetallic product was isolated by adding

2 ml of acetone and 20 ml of diethyl ether. Then the complex

was recrystalized by dissolution in a mirimum amount of water

and addition of 10 ml aqueous trifluoromethane sulfonic acid
until the total concentration was about 4M. The average yield
after the recrystallization step is about 507%. The analytical
results are RuCoC16H4NlOF1886OZO: cale. C,13.86%; H,2.89%;
N,10.11% Found (MicAnal, Tucson,Az)C,14.55%; H,2.77%; N,10.63%.

’



p -1,4-dicyano-[ 2.2.2] bicyclooctanepentaammineruthenium(III) -

aquotetraamminecobalt (IIT)trifluoromethanesulfonate

The synthetic procedure for u -1,4-dicyanol2.2.2]-bicyclo-
octanepentaammineruthenium(III)aquotetraamminecobalt (III)trifluoro-
methanesulfonate involves the éame steps as described above for
the p -1,4-dicyano(2.2,2] bicyclooctanepentaammineruthenium(III)
diaquotriamminecobalt (III) species. The typical amounts used
were 0,100 gram of cobalt starting material in one M double
distilled dried sulfolane in the presence of 40A of
trifluoromethanesulfonic anhydride. The visible absorption
spectrum shift is from 510 em™t to 490 cm"1 (Figure ). The
yield was 67%. The ﬁext stép was also the éame as described
above. I used 0.100g of aquotetraammine p -1,4-dicyano-[2.2.2]-
bicyclooctanecbbalt(III)trifluoromethanesulfonate in two ml
of sulfane in the presence of 25X of (CF3SOZ)O. The reaction
took two hours at 60°C. and the yield was 88Y% before re-
crystallization and about 47% after recrystallization. The
analytical results are: RuéoCl6H4iNllF1886019: calc.
C,13.88%; H,2.96%; N,11.13. Found (MicAnal Tucson, Az)
c,13,71%; H,2.72%; N,11.30.



Figure 19, The visible absorption spectrum of 1,4-dicyano-
[2.2.2] -bicyclooctaneaquotetraamminecobalt (III) -

trifluoromethanesulfonate in acidic aqueous solution.






_p-trans—l,4-dicyanoéyclohexanepentaammineruthenium(III)-

"

diaquotriamminecobalt (III) trifluoromethanesulfonate

The synthetic procedure for u-1l,4-dicyanocyclohexane-
pentaammineruthenium(III)diaquotriamminecobalt (III) trifluoro-
methanesulfonate involves the steps as described for the previous
bimetallic complexes. Typical amounts used were 0.400g of

Co(NH,) 4 (Hy0),CL  (CF4505805), and 0.1118g of u-1,4-dicyanocyclo-
hexane in 4.0 ml of double distilled dried sulfolane in the
‘presence of 160A of trifluoromethanesulfonic anhydride. The
visible absorption spectrum at the end of 15 minutes shows a
peak at 510 nm. The yield was 72%. The next step is as
deséribed ébove. In a typical preparation of this species,

I used 0.300g of diaquotriamminedicyanocyclohexanecobalt (III)-

trifluoromethanesulfonate and 0.2602g of Ru(NH3)5(CF3803)

(CF3SO3)2 in 6 ml of double distilled dried sulfolane in the -
presence of 802X of'ﬁriflubromethanésulfonic-anhydride. The
reaction took two hours at 60°C. and the yield after re-
crystallization was about 45%. The analytical results are
RuC0Cy  HygNygF1gS¢000: Cal. C,12.36%; H,2.79%; N,10.30%,
Found (MicAnal Tucson Az) C,12.76%; H,2.80%; N,11.21%,
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p -trans-1,4-dicyanocyclohexanepentaammineruthenium(III) -

aquotetraamminecobalt (IIT) trifluoromethanesulfonate

The synthetic procedure for the]J-l,A-dicyanocyclq-
hexanepentaammineruthenium(III)aquotetraamminecobalt(IiI)-
trifluoromethanesulfonate involves the steps described for the
previous bimetallic complexes. In a typical preparation,
0.400g of Co(NH3)4(H20)Cl (Cf3803)2 and 0.116g of u-1,4-dicyano-
cyclohexane in 4.0 ml of double distilled dried éulfolane in the
presence of 160Ax of trifluoromethanesulfonic anhydride. The
visible absorption spectrum at the end of 15 minutes shows a
peak at 490 cm_l. The yield was 73%. In the next step; as
0.200g of trans—l,4-dicyanocyclohexaneaquotetraamminecobalt(III)-
trifluoromethanesulfonate and 0.174g of trifluoromethanesulfonato-
pentaamminefuthenium(III) ﬁrifluoromethanesulfonate were combined.
in 4 ml of double distilled sulfolane in the presence of 55X of

trifluoromethanesulfonic anhydride. The reaction took 2 hours

at 60° C. The yield after crystallization was about 45%.



v -1,4-dicyano-{2.2.2]-bicyclooctane-bis(pentaammineruthenium(III))

trifluoromethanesulfonate

The synthetic procedure for the 1,4-dicyanol2.2.2] -
bicyclooctane~bis (pentaammineruthenium(III) trifluoromethane-
sulfonate involves the single addition of two moles of the
metal Eomplex to one mole of the ligand and the bimetallic
complex is formed in one synthetic step since both metal ends
are the game. In a typical synthesis, 0.100g of trifluoro-
methanesulfonatopentaammineruthenium(IiI) and 0.01265g of

1,4-dicyano[2.2.2]bicyclooctane in 2.0 ml of double distilled
dried sulfone in the presence of 30n of trifluoromethanesulfonic
anhydride. The reaction required two hourg at 6d° C. It was
monitored with the aid of cyclic voltammetry. The yield was

about 49%. The analytical results are Ru2C16H42N12F1886018:

cale. C,13,50%; H,2.95%; N,11,81% Found (MicAnal Tucson, Az)
C,13,55%; H,2.73%; N,11.34%. Visible-uv spectrum peaks

1cm-l (Figure 20). Infrared spectrum CN

. 298 nm, €=1367 M
stretch 2300 cm'l (Figures 21 and 22). A cyclic voltammogram
of u-l,4-dicyano[2.2.2]bicyclooctane—bis(pentaammineruthenium(III)

trifluoromethanesulfonate can be seen in Figure 23.



Figure 20. The visible absorption spectrum of a 6.Ox10_4M

solution of u-1,4-dicyano-[2.2.2] -bicyclooctane-bis

(pentaammineruthenium(III)trifluoromethane

sulfonate (l.OO em cuvette with a 1.00cm HZO blank)
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Figure 21. The infrared spectrum of y-1,4-dicyano-[2.2.2]-
bicyclooctane-bis(pentaammineruthenium(III)trifluro-
m_etl.ia'ne sulfonate in a KBr pellet, from 4000 to
1900 em™'. The peak assigned to the CN stretch

is at 2300 em™ 1.
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Figure 22. The infrared spectrum of v -1,4-dicyano-[2.2.2] -
bicyclooctane-bis(pentaammineruthenium(III)
trifluoromethane sulfonate in a KBr pellet, from.

1300 to 400 cm™l.
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Figure 23.

The cyclic voltammogram of u-1,4-dicyano-[2.2.2] -
bicyclooctane-bis(pentaammineruthenium(III) trifluoro-
methanesulfonate inldimethylformamide with 0.10M
tetrabutylammonium perchlorate. The working and
auxiliary electrodes were platinum wires and the

reference electrode was Ag/AgCl.
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3. Kinetics of Complex Formation

The kinetic charatrterization of the formation of nitrile
and halide complexes of trifluoromethénesulfonatopentaamine-
ruthenium(III) was done in acidic double distilled sulfolane
(0.01M in trifluoromethanesulfonic acid monohydrate) at 37°cC.
The ruthenium corcentration used was millimolar. All the
reactions were done having the ligand in pseudo-first-order
excess. Solutions were allowed to equilibrate in the
thermostatted cuvette holder of the spectrophotometer before
the reactions were initiated. The changes in concentration
were monitored continously at a single wavelength. Data were
anal&zed by using least-équares fitting progréms available
with the Prophet computing system (53). The kinetic charac-
terization of each of the different ruthenium(III) compounds
studied was done the same way as described above except for
the formation of the 4-phenylpyridine complex. 1In this case
the fommation was monitored differently because the spectral
changes in the visible-u.v. region upon complexation are small.
Aliquots of the reaction mixture were removed periodically
and the complex was reduced to giVe the characteristic spectrum
of the pentaammine -4-phenyl-pyridineruthenium(II) complex.
The procedure was as follows: a millimolar solution of
trifluoromethanesulfonatopentaammineruthenium(III) trifluoro-
methanesulfonate in tetramethylane sulfone with no added acid
was deaerated in a 10 ml bubbler flash on an argon line. The

ligand, 4-phenylpyridine (twice recrystallized from methanol),



was dissolved in tetramethylene sulfone and deaerated in a
separate 10 ml bubbler flask. -When the two solutions had

been mixed, the progress of the reaction was monitored by
reducing an aliquot of the reaction mixture with hexaammine-
ruthenium(II) (produced from hexaammineruthenium(II) trifluoro-
methanesulfonate in acetone over amalgamated zinc) and

recording the visible absofption spectrum. The temperature

of the reaction mixture was maintained at 4§3C. (to facilitate
handling of the tetramethylene sulfone solutions which can

solidify at room temperature) using an oil bath.
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4. - Kinetics of Complex Decomposition by Hydrolysis

The complexes used for the study of the acid hydrolysis
of organbnitriles bound to ruthenium(III) were synthesized
the following way. The starting ruthenium complex was the
trifluoromethanesulfonatopentaammineruthenium(II) trifluoro-
methanesulfonate (whose synthesis was described previously).
This complex was combined with an excess of the ligand in
sulfolane in the presence of trifluoromethanesulfonic
anhydride. The anhydride removes any trace amounts of water.
The reaction mixture was heated for about 15 minutes at 6OOC
and then cooled to room temperature. Each product was
isolated by adding an equal volume of acetone and diethyl
ether in an amount about 20 times the original volume. The
product was quickly dissolved in a minimum amount of water,
filtered and recovered by precipitation with 5 M ﬁrifluoro-
methanesulfonic acid. The products were identified by
their visible-u.v. spectra (52). The trifluoromethanesulfonate

reagents described previously in this chapter.
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5. Instrumentation

a. Visible-u.v. and Infrared Spectra

Kinetic runs were recorded on both with thermostatted
Cary 14 or Beckman DU-8 spectrophotometers. 'The Visible-u.v.
spectra for the complexes were recorded on eithér Cary 14
or Beckman DU-8 spectrophotometers. Infrared spectra were
recorded on a Beckman 4240 recording spectrophotometet
(range:4000-250 cm'l). The KBr disc method was used for all
spectra.

b. Cyclic Voltammetry

The apparatus used for recording cyclic vdltammograms
consisted of a Bisanalytical CV-1A Cyclie Voltammetry Unit.
The working electrode was a coiled platinum wire, a second
platinum wire was used as an auxiliary electrode and a silver/
silver chloride electrode was used as the reference. The
solvent was dimethylformamide and the electrolyte was 0.1M
tetrabutylammoniumperchlorate (recrystallized). Voltammograms
were recorded on an Houston Omnigraphic 2000 x-y reéorded;

The half wave potentials, E%, were calculated from the
arithmetic average of the peak potentials. Measured potentials
were converted to the N.H.E. scale by adding +0.207v to the
measured 'El/2 values. Reversible E%'s are obtained with these

complexes.
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6. APPARATUS

a. Inert gas train

An all-glass inert gas train was used to deaerate reactant
mixtures for kinetic studies and for some synthetic wérk.
Four branches leading from a common glass line each termined
in a standard socket joint. Gas flow to each branch was
controlled with a teflomdn-glass Fisher and Porter Angle
Neédle Vélve (bore range 074 mm) . Argon (Presto - Sales,

New York) used to provide inért atmosphere, was first passed
through two chromous scrubbers and then into the glass line.
- The only non-glass portion of the train was tygon tubing
connecting the latter scrubber to the glass line, Solutions
requiring deaeration were contained in Erlenmeyer flasks
adapted for this purpose by attaching an L-shaped gas inlet
tube near the base of the flask. The other end of the tube
terminated in a ball joint that was clamped to a socket of
the inert gas line. The top of tﬁe Erlenmeyer was protected
by a loose fitting thimble-shaped glass insert. The glass
insert had a 1-2mm hole at its lowest point for withdrawal
of the dearated sélutions by means of a syringe. The
greater density of argon over air was replied upon to prevent
oxygen from entering the system. These adapted Erlenmeyer

flasks are referred to throughout as bubbling flasks.

-b. Syringes
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Glass, gas tight syringes with Teflon plungers (Hamilton
Company) were used for most work. All syringés usedlto
handle deoxygenated solutions were deaerated by flushing
them with Argon and then rinsing the syringe with two small
portions of the solution itself.

c. Chromous scrubbing towers

The chromous solutions was prepared by dissolving
chromium(III)perchlorate (G.F.Smith) in perchloric acid to
make a final solution 0.2M in total chromium and 0.5M in
HClOa. The zinc amalgan for the towers was prepared by the
method of Stone and Hume (53). 1In a typical preparation,

4.7 grams of HgC12 (Fisher) were dissolved in 75 ml of H20.
About’70 graﬁs of Zn(0) (Mossy,Baker) were rinsed three times
with water and then added to 4M HClOa. The mercuric solution
was poured into the vigorously reacting HC}O4-Zn(O) mixture
and stirred. Bubbling ceased within one minute and stirring
was continued until all Hg was removed from solution. (Only
white Zn(OH), precipitated upon adjusting the pH of an aliquot
to 10 with 50 percent NaOH solution.) The solution was then
decanted and the zinc was rinsed approximately six times with

house distilled water.
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C. Results and Discussion
1. Synthesis

A very important objective of this project was to develop
a synthesis for mixed bimetallic complexes which avoided
ruthenium(II) as an intermediate. This has been accomplished
with the aid of Sargeson's and coworkers' idea of using
labile trifluoromethanesulfonage complexes as intermediates
(59).

We tried several different ways of making the bimetallic
complexes which did not work before we developed the method
mentioned here for making the bimetallic complexes. One
method that did not work involved using a drying agent such
as P205 to remove the water ligand from chloroaquotetraammine-
cobalt (III) and adding the desired ligand. The problem with
this approach was that PZOS also removed the chloro ligand,
therefore, we obtained a mixture of cobalt complexes. Some
of the product had one nitrile ligand boundhand some contaiﬁed
two cyano ligands. Another method that we tried was to try
to make the trifluoromethanesulfonatoaquotetraamminecobalt(III)
trifluoromethanesulfonate and then add the ligand. However
this method did not work either. It appears that the anhydrous
HCFBSO3 used to remove the chloride ligand removes the water
ligand. Again I obtained a mixture of products. Some that

had one nitrile ligand and others with two nitrile ligands
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attached. The method that works involves starting with
chloroaquotetraamminecobalt (III) and adding the ligand in
the presence of trifluoromethanesulfonic anhydride. The
anhydride removes only the chloride, which is then replaced
by the cyano group of the ligand. Once the ligand is bound
to one end to the cobalt complex, the other end can be bound
.to ruthenium by addiﬁg trifluoromethanesulfonatopentaamine-
ruthenium(ITI)trifluoromethanesulfonate. The very labile
trifluoromethanesulfonato ligand is replaced by the cyano

group that is free to bind.
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2. Formation Kinetics -

Table 1 shows observed rate constant wvalues for the
formation of acetonitritopentaammineruthenium(III) trifluoro-
methanesulfonate in double distilled dried sulfolane at 37°C.
The acetonitrile was present in pseudo-first-order excess.
The change of absorbance with time shows the reaction to be
lst order in pentaammineruthenium(III). Each individual
reaction gave a fit of observed vs calculated optical density
values with a correlation coefficient better than 0.99. A
typical fit and associated parameters for the statistics are
shown on (Figures 24a and 24b). The plot of rate constants

2+ concentration demonstrates

as a function of Ru(NH3)5(0F3SO3)
the reaction is also lst order in acetonitrile. Likewise,
reactions with all the ligands we've studied dre alsd first
order in ruthenium(III) concentration and in the ligand
concentration.
Table I summarizes some kinetic data we have obtained
for reactions of‘trifluéromethaﬁesulfonatopentaammineruthenium
(ITI) in tetramethylene sulfane solutions. The formation of
4-phenylpyridine has a rate constant of O.l9M'-"l-.5-l at 48°C,
Figure 25 shows the termperature dependence of the
formation of l-cyanocadamantane complex. The plot is given
mainly to demonstrate that these reactions have a linear

temperature dependence in the region studied. For this

reaction the enthalpy of activation is 14.9kcal/mole and



Figure 24a. The fit for a typical-kinetics run for the
formation of acetonitrilopentaamineruthenium(III)
from trifluoromethanesulfonatopentaammine-
ruthenium(III) and acetonitrile in acidic sulfolane

solution.
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Figure 24b. The table of parameters generated by the Prophet
computing system for the kinetics run of

Figure 24a.
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Figure 25. A plot of the observed first-order rate constant
for formation of l-adamantylcarbonitrilopentaamine-
ruthenium(III) trifluoromethanesulfonate as a

function of temperature.
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the entropy of activation is - 5.7e.u., which are consisfent
with a dissociative interchange mechanism. A feature of

the interchange mechanism is a five-coordinate inefmediate.

In a dissociative interchange mechanism, the key factor is

the disengagemént of the ligand and there is relatively small
influence of the entering group on kinetics. The activation
parameters for reaction of bromide ion are:

AH.+=8kca1/mole and A S +=—l6ca1/mole degree. These activation
parameters are reasonable if ion-pairing dominates the reaction
rate.

A comparison of the rate constant for acetonitrile,l-’
adamantylcarbonitrile, and 4-phenylpyridine shows that these
neutral ligands react at similar rates under comparable
conditions, consistent with a dissociative interchange mechanism.
The reaction withBr is considerably faster, likely as a
result of favorable ion pair formation as might be expected
if iop pairing precedes substitution.

The reaction with iodide ion is very much faster than
the others studied. For example, at concentrations of 0.01M
or even less, the reaction was complete on mixing. This
reaction is too much faster than that of bromide ion to be
accounted for by the same substitution mechanism. The very
rapid reaction of iodide ion with the trifluoromethanesulfonato-
ruthenium(ITI) complex is not unprecedented. Richardson and
Taube have reported that the anation of trans-aquotetraammine-
isonicotinamidorutheﬁium(III) by iodide ion proceeds via a rate

law:
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2 and that the

din [ Ru(IIT)H,01-k, [ 171 /2 [ 13 Py k, [I7

rate is much faster than those for the anation by bromide

ion and chloride ion, which follow kinetics that are each

first-order in anion concentration (12). Richardson and

- Taube interpret the rate law in terms of a reduction of

Ru(III) by I to Ru(II) and subsequent rapid substitution

(the'ka term) and a presubstitution electron transfer not

involving the production of free iodine (the kbterm).

Previously Marchant, Matsubara and Ford noted that subs-

titution of I~ for_SOi— in trans-Ru(NH3)4(py)SOZ did not

require addition of a reducing agent, in contrast to

reactions involving Cl~ ox Br (55). They also attributed

théir results to the ability of I~ to reduce Ru(II) to

produce a labile Ru(II) intermediates (55). Unfortunately,

catalytic substitution of Ru(NH3)5(CF3SO3) 2+ in the presénce

of I~ does not appear to be useful synthetically because the

I coordinates preferentially in the presence of other potential

ligands (ie in the presence of excess CH3CN,[Ru(NH3)SI] 2+ is

formed predominantly). '
[Ru(NH3)5(CF3SOB)F+ban be readily made 1s stable for

months when stored in a dessicator over P,0;. This is a useful

intermediate for the direct preparation of a variety of

Ru(III) complexes.

The rates of formation of complexes using trifluoro-

methanepentaammineruthenium(III) that we have found are
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several orders magnitude factor than those reﬁorted for

other pentaammineruthenium(III) precursors. The well-beﬁaved
nature of the kinetics of formation for complexes using

the trifluoromethanesulfonate complex in sulfolane should

make it possible to study the reaction mechanism of Ru(III)

complexes more thoroughly than has been possible,



128

3. Kinetics of Nitrile Hydrolysis

The results of the kinetic studies of the decomposition
reactions of organonitrile complexes of Ru(III) in 0.0005M |
aqueous trifluorometﬁanesulfonic acid are given in'the ’
tableIl. The acid hydrolysis reactions studied were those
of pentaammineruthenium(III) complexes of acetonitrile,
benzonitrile and l-adamantylcarbonitrile. Previous work in-
diéated no base-independent hydrolysis path. In our work we
have found there is a base independent hydrolysis path. Since
the lowest concentration of hydroxide used in previous studies
was 10-6M, it is not unreasonable that the acid hydrolysis
path for Ru(III) organdnitrile complexes was not previously
detected. The rate law for the hydrolysis of ruthenium(III)
organonitrile complexes we ha&e fbund is:

-d ‘In [ Ru(NH,)gNCR 3% /dt=k +k; [ 0H7

As can be seen in table II, the hydrolysis of
ruthenium(III)organonitriles is acid and ionic strength
independent. As is evident from these tableg, we varied the
acid-concentration by 100-fold and the rate was the same,
4x10'5/sec. Then we varied the ionic étrength by 5-fold
and the rate was the same, 4x10-5/sec. The acid hydrolysis
-0of the pentaammineruthenium(III) complexes of different
nitriles showed similar hydrolysis rates of about 10-5/sec,
with only slight variations for different ligands - these

results are sufficiently general that we can use it to predict
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other nitrile rates. The purpose of studying the effect of
changes in acid concentration and ionic strength was to
demonstrate that the reaction in acidic solutions does not
involve hydroxide ion as the attacking nucleophile. The
independence of the rate constant on acid concentrations

and ionic strength indicate the attack of an uncharged
nucleophile the water molecule. Table IV shows the absorp-
tion maxima and extinction coefficients for amide complexes
of pentaammineruthenium(III). The u.v.-visible spectral
changes are pronounced and are characteristic of the
conversion of the nitrile to the amide (57,58). ‘We find the
same spectral changes for the acetonitrile and benzonitrile
complexes as previously reported and the changes for the
l-adamantylcarbonitrile complexes is very similar to that
for the acetonitrile complex. 1In the experiment at an acid
concentration of the protonated amide complex, consistent with
the pKa of 2.00 previously reported by Zanella and Fprd (52).
The rate constant to produce this product is the same as that
for the unprotonated coordinated amide (produced at 1.0};10_3
and 5.0x10'3M acid) as expected for protonation as a rapid
step subsequent to hydrolysis. The reaction sequence for

organonitrile hydrolysis at pH >>§Ka is:

0
| 2+ o+
" Ru(NH,) NCRT H.0
375 2 o
-
K Ru(NH,) s} C R

H



All the runs were done in duplicate for the three different
compounds ‘at the three different temperature. " The data Wefe
calculated using Prophet 65. Ail these reactions show
excellent first-order behavior (typical correlation coefficients
of 0.999 and standard deviafion of'individual data boints of
less than 0.001 absorbance units). The next plot shown
(Figure 26) is the acid hydrolysis of acetonitrile complex
at 25°C. This is a typical plot I obtained by letting Prophet
fit absorbance wvs time data.
The activétion parameters for the acid hydrolysis path
of the ruthenium(III) organonitrile complexes shown in tableV
are similar to one another. There does appear to be a
significant compensation of more favorable Axl values by less
faﬁorable AS wvalues, as expected for reactions with the same
mechanism, especially in cases where bond formation is important.
The relative rates for the benzonitrile, acetonitrile
and l-adamantylcarbonitrile reaétions (table II) are consistent
with the idea previously advanced for the base hydrolysis
reactions (51,52), ie. that the metal atom catalyzes
hydrolysis by withdrawing electron density from the nitrile
group when the nucleophile attacks and that substituents on
‘the nitrile group can retard the reaction by donating electron
density. As previously found for the base hydrolysis
reactions, the acid hydrolysis of organonitriles coordinated

to Co(III) and Ru(lI) appears to be much slower.



With regard to their use for the study of electron
transfer reactions, the organonitrile complexes of ruthen-
ium(III) are sufficiently stable toward hydrolysis. The
rate of hydrolysis of the ruthenium(III)-nitrile moiety
can be predicted quite readily and the extent of the
reaction can be monitored readily from the visible absorp-
tion spe-trum of the.coﬁplex. The half-lives of such reac-
tions at 25° C are sufficiently long to aliow sample prea-
ararion without unacceptable loss of concentration of the
desired nitrile complex,. Upoﬁ reduction té Ru(Il), the
hydrolysis is greatly retarded (by a factor of at least
10% for the base hydrolysis path and hydrolysis by a
base-independent path has not been detected at all), posing
no significant limitations to the- study of the reactions
of bimetallic complexes composed of ruéhenium(II) and

cobalt(IIIl),.



Figure 26. A typical plot of tﬁe optical density vs.
time for the acid hydrolysis reaction of
acetonitrilopentaammineruthenium(III)
trifluoromethanesulfonate in aqueous
trifluoromethanesulfonic acid (0.005M)
at 25° C. The solid line is calculated
for first-order dependence with an observed

rate constant of 1.24 x 10_5 s-l.
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TABLE TT Kinetic Results for the Acid Hydrolysis of Organonitrile Complexes
of Ru(III) in 0.005 M Aqueous Trifluoromethanesulfonic Acid

Complex | Temperature (°C) Rate Counstant (s_l)
o 3F : -5

Ru (NH, ) NCCH, . 25.0 (1.24 + 0.,02)x10
37.0 . (4.85 * o.zz)xlo'5
50.0 (1.83 # 0.13).«10'4
. 3+ ’ S -5

N

Ru(NH,) 5¥CC H, 25.0 (3.39 * 0.05)x10
37.0 | (1.24 + 0.01)x10~%
50.0 (4.39 = o.oa)xlo'4
S 3+ ‘ : -6

) Ru(NH3)5NC adamantane 25.0 (7.20 £ 0.15)x10
37.0 (2,90 * 0.02)x10'5
50.0 (1.25 * 0.03)x10.%
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3+

TABLE III. Kinetic Results for Acid Hydrolysis of [Ru(NH3)5NCCH3 ] at
Various Acid Concentrations and Ionic Strengths?,

Acid Rate -1 Ionic Rate -1

Concentration (M) Constant (s ) Strength (M) Constant (s )

1.0 x 1073 4.15 x 107 0.0267 4.23 x 107

5.0 x 107 4.13 x 107 0.0517 4.22 x 107°

100 x 107 4.31 x 107° 0.103 4,22 x 1077

a. at 37.0°C
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TABLE IV. Absorption Maxima and Extinction Coefficients for Amido Complexes
of Pentaammineruthenium (III)

=1

Comnlex'_ B ‘ Amax (nm) e(. ecm )
Ru(NH3)5(CH3CONH)2+ 383 3.5 x10°2
249 2.3 x10°2
3+ 3a
Ru(NHB)S(CH3CONH2) 322 1.6 x10
2+ _1A3a
Ru(NH3)5(C6H5CONH) 393 4.0 %10
314 3.7 x10°2
2+ 3
Ru(NHB)s(CloHISCONH) 388 | _ 3.6 x10
276 ‘ .2.4'x103

a. Refarence 2.
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TABLE Y;. Activation Parameters for the Acid Hydrolysis of Pentaammineruthenium

(III) Organonitrile Complexes

o ' 2
Complex.. "~ AS" (Kcal/mol) as” (e.u.) AG#(298°, kecal/mol)
v 3+
RU(NH3)SNCCH3 2004 * Ool -12-5 + Oal . . 240].
3+ L ‘
Ru'(NHS)sNCcéH5 19.0 £ 0.2 -15.2 3.0.3 23.5
. Ru(NH3)5NCadaman%:ane3+21.z £ 0.3 ~10.9 * 0.3 2.4
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